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CATALYST AND PROCESS FOR
SYNTHESISING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. national application under 37
C.F.R. §371(b) of International Application Serial No. PCT/
GB2013/052869, filed Nov. 1, 2013, which claims the benefit
under 35 U.S.C. 119(a) of GB Patent Application No.
1219716.6, filed Nov. 2, 2012, the entire disclosures of which
are incorporated herein by reference.

FIELD OF INVENTION

The invention relates to a process for synthesising catalysts
for asymmetric catalysis using a ligand swapping reaction
and novel compounds made according to said process and
also their use in hydrogenation reactions.

BACKGROUND TO THE INVENTION

Asymmetric catalysis is an important area of chemistry,
invaluable in the production of enantiomerically enriched
products. The manufacture of pharmaceuticals and special-
ised chemical compounds are two particular industries where
stereo-selective synthesis is often essential.

Hydrogenation reactions are used in a variety of synthetic
methods and asymmetric control of hydrogenation has been
well studied. In particular, catalysts for the asymmetric reduc-
tion of carbonyl and imino groups have been known for many
years.

Ruthenium m-6 arene complexes were first reported as
suitable catalysts for asymmetric hydrogenation by Noyori,
and co-workers (S. Hashiguchi, A. Fujii, J. Takehara, T.
Ikariya, R. Noyori, J. Am. Chem. Soc. 1995, vol 117, 7562-
7563). These catalysts have been extensively tested and com-
mercialised and are effective at the asymmetric reduction of
ketones and imines to alcohols and amines respectively using
a number of reducing agents.

Wills reported, in 2005, an improvement of the Noyori
catalyst, which demonstrates increased reactivity on a wider
range of substrates (A. M. Hayes, D. J. Morris, G. J. Clarkson
and M. Wills, Am. Chem Soc, 2005, vol 127, 7318-7319).
Wills catalysts, or so called ‘tethered’ catalysts, comprise a
ligand having an m-6 arene group co-ordinated to a metal
centre, wherein the arene group is also covalently linked to a
second portion which co-ordinates to the remaining available
positions around the metal centre.

Various synthetic routes have been proposed to make these
complexes, many of which require multi-step reactions via a
range of complex mechanisms. One such synthesis requires i)
Birch reduction of an alcohol using an onerous combination
of sodium metal and liquid ammonia, ii) conversion of the
alcohol to an aldehyde using Swern oxidation, iii) reductive
coupling of the aldehyde with the diamine component, iv)
complexation of the product with ruthenium trichloride and
v) conversion of the initially formed dimer to a monomer.

An alternative synthesis requires i) Birch reduction of an
alcohol, ii) conversion of the alcohol to the tosylate, triflate,
mesylate or related reagent, iii) coupling with the diamine
component, iv) complexation of the product with ruthenium
trichloride and v) conversion of the initially formed dimer to
a monomer. Although some of these reactions can be ‘tele-
scoped’ into a shorter practical sequence by performing the
last two steps in a ‘one-pot’ process, many of these processes
are undesirable.
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Further, many of these reactions require the presence of a
cyclodienyl intermediate in order for the n-6 arene ring to
form and co-ordinate with the metal centre. This cyclodienyl
intermediate limits the range of substituents that can be
arranged around the arene ring as electron donating groups
will cause aromatisation of the ring prior to co-ordination
with the metal centre thereby preventing the desired complex
from forming.

Various attempts have been made to synthesise these com-
plexes using intramolecular ring swapping reactions such as
M. Tto, H. Komatso, Y. Endo and T. Ikariya, Chem. Lett. 2009,
38, 98-99. However, there is no evidence that such
approaches do not work with larger multidentate ligand coun-
terparts

The invention is intended to overcome or ameliorate at
least some of the problems outlined above.

SUMMARY OF THE INVENTION

Thereis provided in a first aspect of the invention, a process
for synthesising a compound according to general formula
(D), the process comprising the steps of reacting a compound
according to general formula (I1a) or (IIb) with the compound
according to general formula (I1I),
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-continued
(IIb)

R104 RIOS

R103 R106

R102 RlOl

M
xx7] Dzz
Yy

wherein R*-R>, R°-R® and R'°*-R'°° each independently, or
in combination with another of said substituents (R'-R®,
R®R® and R'°*-R'°%) are selected from: H, halide, alkyl,
alkenyl, alkynyl, alkoxy, hydroalkyl, haloalkyl, carboalkyl,
aryl, aryloxy, CH,Ar (where Ar is aryl), acyl, carboxy
(C=0), alkoxycarbonyl, thiocarbonyl (—S), cyano (CN),
hydroxyl, thiol, alkylthiol, amino, acylated amino, NO,, silyl,
SO,R'® (where R is defined as for R*°*-R'°%); A is selected
from: H, R'!, SO,R"", SOR'!, SO,NR'"'R'?, P(O)R''R'?),
P(O)(OR'")(OR'?), CO,R', wherein R'' and R'? are
defined as for R'%; B is selected from: H, halide, trifluorom-
ethylsulfonyl, alkylsulfonate, trifluoromethylsulfonate, aryl-
sulfonate, carboxylate or acetoxy group; M is a metal atom/
ion selected from: ruthenium, rhodium, osmium, iridium and
iron (typically ruthenium or rhodium); XX-7Z7 are each inde-
pendently selected from: H, halide, hydroxyl, amino or any
other atom or group of atoms which can form a stable com-
plex; at least one of X, Y and Z is present and each is inde-
pendently, or in combination with each other, selected from
one or more of the groups: CH,, O, S, NH, CHR''CR*'R"?
(where R'*-R'? are defined as for R*®'-R*°®) adjacent groups
may form unsaturated carbon-carbon bonds for example by
being alkenyl (—CH—CH—) or as part of a cyclic structure,
such as an aryl group or combinations thereof and the total
linear length of the chain defined by ‘X-Y-Z’ is two to four
atoms, typically 3 atoms; or a salt thereof. This process pro-
vides a simple and efficient synthesis for tethered metal cata-
lysts which allows for a broad range of substituents to be
incorporated onto the n-6 arene ring. Enantiomers of formu-
lae I, Ila, IIb and/or 111 are also included in the scope of the
invention.

The term ‘alkyl’ is intended to encompass substituted or
unsubstituted aliphatic, linear and cyclic saturated carbon
chains as well as branched saturated carbon chains. Typically,
the alkyl groups used in the invention are between C, to C,,,
more typically between C, to Cg and even more typically C,
to Cs. The terms ‘alkenyl” and ‘alkynyl’ are intended to mean
an alkyl group as defined above having at least one carbon-
carbon double bond (C—C) or at least one carbon-carbon
triple bond (C=C) respectively. The term ‘aryl’ is intended to
refer to an aromatic ring structure. This may include one or
more fused rings and the ring or rings may each indepen-
dently be 5-, 6-, 7-, 8- or 9-membered rings. Further, said ring
structures may also comprise one or more heteroatoms. Typi-
cally, one or two heteroatoms are included in the ring and the
heteroatoms are typically selected from nitrogen, oxygen and
sulphur. Most typically, the heteroatom is nitrogen or oxygen.
Typically, the aryl groups will be a single aromatic ring and
even more typically, the ring may be a 5-, or 6-membered
ring.

Groups R'-R® and R'®'-R'°® may form substituents in
combination with one another. One or more of R' and R? R?
and R?, R? and R*, R* and R®, R® and R7, R® and R®, R® and
R®, R®andR7, R®and R%, R” and R®, R'°! and R'°?, R1°? and
R103, R13 4nd R104, R1% and RIOS, R and R106’ R and
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4

R'°® may be linked to form a cycloalkyl, cycloalkenyl,
cycloalkynyl or aryl group. For example, neighbouring
groups may together define an aromatic ring thereby creating
a ligand comprising a fused ring structure.

The groups ‘XX-77’ described in general formulae (Ila)
and (IIb) are not particularly limited as they are believed to
not play a significant role in the reaction according to the
claimed invention. Accordingly, XX-77. is any group capable
of forming a stable complex, or in other words, that is capable
of co-ordinating to the metal centre without destabilising the
Mn-6 arene complex, XX-7Z7 are typically monodentate
ligands. Itis typically the case that XX-ZZ is ahalide and even
more typically chloride. However, XX-77 may also often be
OH, NH; or C=O0 or a trifluoromethylsulfonyl group, an
alkylsulfonate, trifluoromethylsulfonate or aryl-sulfonate
group, any carboxylate group including an acetoxy group or
a hydrogen atom. XX-ZZ could also be a neutral molecule
such as triphenylphosphine or a solvent molecule for example
acetonitrile, dichloromethane, dimethylsufoxide, methanol,
ethanol or another commonly used solvent.

The term ‘halide’ is intended to cover fluoride, chloride,
bromide and iodide. The term ‘amino’ is intended to encom-
pass primary, secondary and tertiary amino groups.

Typically, the reaction is performed in an organic solvent.
The solvent may comprise a halogenated solvent such as a
halogenated organic solvent, and it is often the case that the
solvent will comprise chlorobenzene, dichloromethane, 1,2-
dichloroethane, xylene or a combination thereof. Typically,
the solvent will comprise at least 90% chlorobenzene, dichlo-
romethane, 1,2-dichloroethane, xylene or a combination
thereof by mass of the total solvent. Typically the solvent is
chlorobenzene, dichloromethane or a combination thereof
and even more typically the solvent is chlorobenzene. The
inventors have surprisingly found that this solvent system is
particularly effective as a solvent for the reaction.

The typical duration of the reaction necessary to produce
the product depends on the choice of solvent used. However,
the duration is usually within the range of 2 to 50 hours. In
particular, where the solvent is dichloromethane it is typically
the case that the reaction time will be in the range 0f 40 to 50
hours and where the solvent is chlorobenzene it is typically
the case that the reaction time is between 2 to 5 hours. It will
be appreciated by the skilled person that the duration of the
reaction will vary depending on the exact ratio of solvents,
where a combination of solvents are used, and the tempera-
ture at which the reaction is carried.

The temperature at which the reaction is performed is
typically in the range 0f25° C. 1o 140° C., even more typically
is 50° C. to 140° C. and may also be in the range of 75° C. to
120° C. It is often the case that the reaction will be conducted
in the range of 75° C. to 90° C. The inventors have unexpect-
edly found that the reaction of the present invention proceeds
most efficiently when performed within these temperature
windows and minimises the quantity of impurities generated.

The reaction may be carried out with a mild inorganic base.
A mild inorganic base such as calcium hydroxide, sodium
bicarbonate or potassium carbonate may be added to the
reaction. However strong bases, such as triethylamine or
sodium hydroxide are typically not used as these tend to
provide lower yields of the catalyst.

The metal centre of the complex in the catalysts of the
invention is typically ruthenium. Whilst other metals can be
used with the invention, ruthenium has been found to produce
the most effectively catalysts. The catalysts of the invention
are typically used in the asymmetric hydrogenation. In par-
ticular, the catalysts may be used in the asymmetric hydroge-
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nation of C—0 and C—N bonds. Typically, the catalysts are
used in the asymmetric reduction of ketones.

The complexes may contain multiple chiral centres, or a
single chiral centre, and may be prepared in either enantio-
merically-enriched or racemic form.

It is usually the case that the total linear length of the chain
defined by ‘X-Y-Z’ is three atoms. Groups X, Y and Z each
independently comprise, or in combination with each other,
one or more of the groups selected from: CH,, CHR'" and
CR''R'? or one or more adjacent groups may form an alkenyl
moiety (—CH—CH—). Typically, X,Y and Z are each CH,.
R and R'? may form substituents in combination with one
another. For example, neighbouring groups may together
define an aromatic ring thereby creating a tethering portion
wherein carbons in the chain form the edge of an aromatic
ring. The inventors have found that ligands having a tether
portion (X-Y-Z) with a length of two, three and four atoms,
demonstrate optimum catalytic activity.

The combined electron withdrawing effect generated by
R!°1-R'°¢ may be greater than that generated by R*-R>. Usu-
ally, at least one of R'-R” is an alkoxy group, and typically at
least one of R*-R? is a methoxy group. Even more typically
one, two or three of R'-R? are a methoxy group. The reaction
of the present invention has been found to proceed more
efficiently where the electron density around the ring of the
compound according to general formulae (Ila) and (IIb) is
less than that on the ring of the compound according to
general formulae (II). Without wishing to be bound by
theory, it seems that a reduction in the electron density of the
ring shown in general formulae (I1a) and (IIb) relative to the
ring shown in general formulae (III) promotes the ‘ring swap-
ping’ reaction.

It is often the case that at least one of R'*'-R'%% is an
electron withdrawing group and at least one of R'°*-R*°% may
be an ester group. Usually, at least one of R*°'-R'°®is CO,Et.
Ester groups can be incorporated on the phenyl ring easily and
provide a good electron withdrawing effect, decreasing elec-
tron density of the ring.

Typically, R®=R’=Ph or C, alkyl or R®*=R°=Ph or C,, alkyl.
Typically, the C, alkyl is a tertiary butyl group. In order for the
catalysts to provide optimal stereo-selective reduction, it is
useful to functionalise the pendant, diamine portion of the
ligand with bulky groups on either side of the nitrogen groups.
This directs the incoming the substrate and reagents towards
a particular orientation, favouring a specific enantiomer.

The groups XX-Z7 are typically monodentate ligands and
are often halides and even more typically are chloride. XX-
77 may also often be —OH, NH; or C=0 or a trifluorom-
ethylsulfonyl group, an alkylsulfonate, trifluoromethylsul-
fonate or aryl-sulfonate group, any carboxylate group
including an acetoxy group or a hydrogen atom. As men-
tioned above, there is no particular limitation on the choice of
ligand which XX-7Z7 can be however, chloride is readily
available and reasonable small and therefore does not inter-
fere with the reactive portions of the catalyst and forms a
stable complex with the metal centre.

A is typically selected from SO,Ar, SO,R (wherein Ar is
aryl and R is alkyl as defined above) and even more typically
A is SO,pTol.

Often, the group B may be a monodentate ligand and may
be ahalide and is typically is chloride. The group B is usually
one of XX-77 which has not been displaced by co-ordination
of the ligand. As such, B is also typically chloride as this is
readily available and reasonable small and therefore does not
interfere with the reactive portions of the catalyst and forms a
stable complex with the metal centre.
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Further, it may be the case that the reaction is performed
with exposure to a microwave source. Typically, the micro-
waves to which the reaction is exposed are in the range of 20
W to 200 W and more typically are in the range 0f40 W to 100
W. There is no particular limit on the power of the microwave
source but this is usually restricted so that it does not causes
excessive evaporation of the reaction solvent or lead to an
excessive rise in temperature. The duration of time for which
the reaction is irradiated is usually in the range of 10 seconds
to 30 minutes and more often will be in the range of 1 minute
to 10 minutes. Further, the power of the microwave radiation
can be increased or decreased, either gradually or incremen-
tally, as required throughout the reaction. The power need not
be constant throughout a single period of irradiation.

The reaction may be carried out alternating the conditions
between exposure and non-exposure to microwaves. As such,
a single reaction may experience several periods of micro-
wave radiation and relaxation.

There is also provided in a second aspect of the invention,
a compound according to general formula (IV)

av)

R4 RS
23
’ A
R22 RZ 1 Y
B—M
A N 7N N— Z
~
H
R28WY TR
R26 RY

wherein, R*'-R*® each independently, or in combination with
another of said substituents (R**-R>°) form, an electron rich
or electron donating group and are selected from: H, alky-
laryl, alkoxy, aryloxy, acyloxy, hydroxy, amino, acyl amino,
thiol, alkylthiol; and wherein, R*°-R*° are defined as for R*°*-
RS, B is selected from: H, halide, trifluoromethylsulfonyl,
alkylsulfonate, trifluoromethylsulfonate, aryl-sulfonate,
acetoxy group; and

A, B, M, XX-727,X.Y, Z are defined as above.

It has been found by the inventors that the compounds
having these substituents can be manufactured by the process
according to the claimed invention but are not believed to be
possible to synthesise by methods disclosed in the prior art.
Without wishing to be bound by theory, it is believed that
electron rich substituents such as R*!-R*® destabilise the
cyclodienyl intermediate used in the processes of the prior art.
As such, these compounds are not accessible via conventional
methods and provide unique catalytic properties.

Typically, X,Y and Z each independently comprise one or
more of the groups selected from: CH,, CHR?! and CR*'R>2.
Even more typically, X, Y and Z are each CH,. The inventors
have found that a ‘tethering portion’ having a length the
structure (CH,); provides optimal catalytic activity.

Groups R*!'-R** and R*°-R** may form substituents in
combination with one another. One or more of R?! and R?2,
R?? and R*?, R?*? and R**, R** and R**, R*® and R*7, R*% and
R*®, R?% and R**, R*® and R*’, R*® and R**, R*” and R*® may
be linked to form a cycloalkyl, cycloalkenyl, cycloalkynyl or
aryl group. For example, neighbouring groups may together
define an aromatic ring thereby creating a ligand comprising
a fused ring structure.
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Itisusually the case that at least one of R** -R** is an alkoxy
group and typically, at least one of R*!-R** is a methoxy
group and even more typically one, two or three of R**-R*% is
a methoxy group. The oxygen atom in the alkoxy or methoxy
substituent is capable of donating electrons into the ring and
the methoxy group is typically used as it is small and therefore
provides minimal hindrance to other substituents around the
ring.

Usually, R**~R?”=Ph or alkyl and it may be the case that
R**=R**=Ph or alkyl. Further, XX-ZZ may be halides and are
typically chloride. B is also typically a halide and may be
chloride.

It is typically the case that substituents R**> and R** are
hydrogen and substituents R*!, R** and R** are not hydrogen.
Substitution onto the arene ring at the R*? and R** positions is
synthetically more difficult due to directing effects during
preparation of the ligand.

Typically R*'-R** and XYZ are not in the following com-
binations:

(1) XYZ do not together make a 3 carbon linear chain in
combination with R*!-R* forming a para-methyl substi-
tution.

(i1) XYZ do not together make a 3 carbon linear chain in
combination with R*!-R** forming a 3,5 dimethyl substi-
tution or

iii) XYZ do not together make a 4 carbon linker in combi-
2
nation with R*'-R** forming a 4-Me substitution; wherein
the remaining R*!-R?* are H.

The invention is typically selected from:
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-continued
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or a salt thereof and/or a combination thereof.

There is also provided in a third aspect of the invention, a
method of carrying out a hydrogenation reaction comprising
the use of a compound according to second aspect of the
invention to catalyse the hydrogenation of a substrate. Typi-
cally, the hydrogenation is an asymmetric hydrogenation.
Typically the substrate will be a compound containing one or
more C—0O bonds and/or one or more C—N bonds.

(0)

BRIEF DESCRIPTION OF THE DRAWINGS

Table 1a—shows results for asymmetric transfer hydroge-
nation of ketones using (R,R) ‘4-methoxy’ SRC 834(1) and
(R,R) “3,5-dimethoxy’ SRC 835(1) catalysts in FA:TEA (2M
solution of ketone) at 60° C. using S/C ratio 1000/1.

Table 1b—shows the results of asymmetric transfer hydro-
genation of acetophenone and acetylcyclohexane using five
novel catalysts (2M) in FA:TEA at 28° C. using complexes at
S/C ratio 100/1.

Tables 2a to 2e—shows reductions using hydrogen gas and
methanol for different substrates.
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Table 3a—shows comparative results for hydrogenation
for tethered (R,R) catalysts for a range of substrates.

Table 3b—shows comparative results for hydrogenation
for p-OMe and di-OMe 3C tethered (R,R) catalysts.

Table 4—shows asymmetric transfer hydrogenation of
ketones (2M) in FA:TEA at 28° C. using a range of tethered
complexes at a substrate/catalyst (S/C) ratio 100/1.

Table 5—shows ATH of acetophenone using (R,R)
4-methoxy, (R,R) 3,5-dimethoxy, (R,R)/(S,S) 3C-teth and
catalysts TEG 4-OMe in HCOONa/H,O/MeOH at 60° C./40°
C. using S/C ratio 100/1, 500/1.

Table 6—shows ATH of ketones using (R,R) 4-methoxy
(R,R) 3,5-dimethoxy (R,R)/(S,S) 3C-teth and catalysts TEG
4-OMe in HCOONa/H,O/MeOH at 60° C. using S/C ratio
100/1. Catalysts are as defined in Table 2. Noyori’s catalyst is
[Ru(p-cymene)(TsDPEN)CI].

Table 7—shows ATH of amino acetophenone using (R,R)
4-methoxy, (R,R) 3,5-dimethoxy, (R,R)/(S,S) 3C-teth cata-
lysts. Catalysts are as defined in Table 2. Noyori’s catalyst is
[Ru(p-cymene)(TsDPEN)CI].

Table 8—shows ATH and APH of acetophenone using
polymer supported tethered catalysts.

Table 9—shows ATH of acetophenone using polymer sup-
ported ruthenium complexes.

Table 3b—shows comparative results for hydrogenation
for p-OMe and di-OMe 3C tethered (R,R) catalysts.

FIG.1—shows an ESI-MS which illustrates the conversion
of ligand to tethered complex, without formation of the
unwanted bidentate complex described on page 35.

FIG. 2—shows an ESI-MS of an example of 4-methoxy
compound after 51.5 h—heating in DCM, 90° C. described
on page 35.

FIG. 3—shows an ESI-MS of an example of 2.4-
Dimethoxy ESI-MS after 48 h heating in DCM, 90° C.
described on page 36.

FIG. 4—shows an ESI-MS of a 1st run of the reaction on
page 62 under the following conditions: Power=40 W,
Temp=90° C., RAMP=1 min, Hold=10 min.

FIG. 5—shows an ESI-MS of a 2nd run of the reaction on
page 63 under the following conditions: Power=40 W,
Temp=90° C., RAMP=1 min, Hold=10 min.

FIG. 6—shows an ESI-MS of a 1st run of the reaction on
page 63 under the following conditions: Power=40 W,
Temp=90° C., RAMP=1 min, Hold=10 min.

FIG. 7—shows an ESI-MS of a 1st run of the reaction on
page 63 under the following conditions: Power=40 W,
Temp=50° C., RAMP=2 min, Hold=10 min, Pressure=60 psi.

FIG. 8—shows an ESI-MS of a 3rd run of the reaction on
page 63 under the following conditions: Power=80 W,
Temp=75° C., RAMP=2 min, Hold=10 min, Pressure=100
psi

FIG. 9—shows an ESI-MS of a 1st run of the reaction on
page 64 under the following conditions: 80 W, Temp=80° C.,
RAMP=2 min, Hold=10 min, Pressure=60 psi.

FIG. 10—shows an ESI-MS of a 2nd run of the reaction on
page 64 under the following conditions: Power=80 W,
Temp=100° C., RAMP=2 min, Hold=10 min, Pressure=60
psi.

FIG. 11—shows the a ESI-MS of the compound of page 64
formed by MS under 130° C. in MW for 10 min.

FIG. 12—shows the a ESI-MS of the compound of page 64
formed by MS under 130° C. in MW for 10 min.

FIG. 13—shows the a ESI-MS of the compound of page 65
formed by MS under 130° C. in MW for 10 min.

FIG. 14—shows an ESI-MS of the compound complied
with aromatised starting described as SRC 936, 26 Jul. 2012
on page 69.
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FIG. 15—shows an ESI-MS of the compound complied
with aromatised starting described as SRC 1209, 11 Jun. 2013
on page 69.

FIG. 16—shows an ESI-MS of the compound complied
with aromatised starting described as SRC 1219a, 19 Jun.
2013 on page 69.

FIG. 17—shows an ESI-MS of the compound complied
with aromatised starting described as SRC 1219b, 19 Jun.
2013 on page 70.

FIG. 18—shows an ESI-MS of the compound complied
with aromatised starting described as 1268, 29 Aug. 2013 on
page 70.

FIG. 19—shows an ESI-MS of the compound complied
with aromatised starting described as 1271, 2 Sep. 2013 on
page 70.

FIG. 20—shows an ESI-MS of the compound complied
with aromatised starting described as 1305(3),3 Oct. 2013 on
page 70.

FIG. 21—shows an ESI-MS of the compound complied
with aromatised starting described as 1321(2), 29 Oct. 2013
on page 70.

EXAMPLES

Synthesis of 1-6 Arene Ruthenium Precursor

Compounds according to general formula (Ila) and (IIb)
are well known in the art and were synthesised using known
synthetic routes (see references [11]-[11c]). The reaction
scheme is represented below:

HOC CO,H
7~ heat EtOH/acid
+ | | D —_—
@—COZEt
COsFt
RuClz+xH,0
—_—
Cl—/Ru 5
Cls}
Synthesis of Catalyst
Example 1
(CF350,),0
—_—
2,6-lutidine,
DCM, 0° C.
HO
7
EGN, CH,ClLy
p—TolOZS\NH NI,
F;C0,80 o I
8 Ph Ph
(TsDPEN)
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-continued
@—COZEt
ol /Ru 5
Cls}
11
P'TOlOZS\NH N\ 90° C., 49 h,
H CH>Cls
Y o H
Ph Ph

TolOnS C17Ru\
P-lolnS~ N

Su
H‘)_LH
Ph Ph

12

\““

Procedure for the Preparation of 10 from 7.

To a mixture of 3-phenyl-1-propanol (0.149 mL, 1.093
mmol, 1.6 eq) and 2,6-lutidine (0.167 mL, 1.434 mmol, 2.10
eq) in dry DCM (5 mL) was added a solution of triflic anhy-
dride (0.195 mL, 1.161 mmol, 1.70 eq) into dry DCM (1.5
mL) dropwise at 0° C. under an inert atmosphere. The result-
ing light pink solution was stirred at 0° C. for 30 min and at
room temperature for 60 min. The mixture was again cooled
down to 0° C. To this, solution of (1R,2R) TsDPEN (0.250 g,
0.683 mmol, 1.0 eq) and triethylamine (TEA) (0.228 mL,
1.639 mmol, 2.4 eq) in dry DCM (1.5 mL.) was added drop-
wise at 0° C. The resulting yellow coloured mixture was
stirred at 0° C. for 30 min and then at room temperature for 17
h. The reaction mixture was diluted with DCM (20 mL.) and
washed with sat. NaHCO; solution (3x10 mL). The organic
layer was separated, washed with H,O (2x10 mL), brine (10
mL), dried over anhydrous Na,SO,, filtered and concentrated
to give a crude compound. The crude compound was purified
by column chromatography over silica gel using EtOAc:Pet.
ether (25:75) as an eluent to give a residue. The residue was
triturated in n-pentane (to remove traces of 2,6-lutidine) to
give a solid. The solid was filtered, washed with n-pentane
and dried under vacuum to give pure compound 10 as white
solid (0.280 g, 0.579 mmol, 84.7%).

d,,(300 MHz, CDCl;) 7.36 (2H, d, J 8.4, —CH of phenyl),
7.28-7.23 (2H, m,—CH of phenyl), 7.19-7.09 (5H, m, —CH
of phenyl), 7.07-7.00 (6H, m, —CH of phenyl), 6.95-6.87
(4H, m,—CH of phenyl), 6.25 (1H, br s, —NHTs), 4.25 (1H,
d,J7.8,—CHNHTs),3.59 (1H,d,J7.8,—CHNH(CH,),—),
2.61-2.49 (2H, m, —NH—CH,CH,CH,—), 2.47-2.39 (1H,
m, —NH—CHHCH,CH,—), 2.34-2.25 (1H, m, —NH—
CHHCH,CH,—), 2.32 (3H, s, —CH,), 1.80-1.62 (2H, m,
—NH—CH,CH,CH,—), 1.29 (1H, br s, —NH(CH,);—).

m/z ESI-MS [M+H]* 485.1; HRMS found 485.2259
(C50H5,N,0,S H+ requires 485.2257, error=0.1 ppm).

Procedure for the Preparation of 12 from 10.

Compound 10 (C;,H;,N,0,8, 0.050 g, 0.103 mmol, 1.0
eq) was added to [RuCl,(C,H,,0,)], 11 (0.033 g, 0.052
mmol, 0.5 eq) in dry DCM (1.5 mL) in a glass tube under N,,.
The tube was sealed and the mixture was stirred at room temp
for 30 min to give a brick red solution and then heated at 90°
C. for 49 h. The reaction was followed by TLC and mass
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spectra analysis. The reaction mixture was cooled to room
temperature and concentrated to give a dark brown residue.
The residue was precipitated from diethyl ether, filtered and
dried to give a dark brown solid. The solid was purified by
column chromatography over Florisil using DCM:MeOH
(97:3 to 88:12) to give 12 as a brown solid (0.034 g, 0.055
mmol, 53%).

8, (300 MHz, CDCl,) 7.24 (2H, d, J 7.2, —CH of phenyl),
7.11-7.04 (4H, m, —CH of phenyl), 6.86-6.69 (6H, m, —CH
of phenyl), 6.61-6.59 (2H, m, —CH of phenyl), 6.23-6.16
(3H, m, —CH of Ru—Ar), 5.22 (1H, s, —CH of Ru—Ar),
5.03 (1H, m, —CH of Ru—Ar), 4.43 (1H, br d, —NH
(CH,);—),4.03 (1H,d, J10.8, —CHNTs), 3.65-3.62 (1H, m,

—CHNH(CH,);—), 2.87-2.75 (1H, m, —NH—
CHHCH,CH,—), 2.70-246 (2H, m, —NH
CHHCH,CHH—), 234226 (1H, m, —NH—

CH,CH,CHH), 2.25 3H, s, —CH,), 2.19-2.10 (2H, m,
— NH-—CH,CH,CH, ).
m/z BSI-MS [M-CI]* 585.1

Example 2
(CF350,),0
—_—
2,6-lutidine,
DCM, 0° C.
HO
Et;N, CH,Cly
p-TolOsS~, NH NI,
F;CO,S0 H\\‘“ ',” H
Ph Ph
(TsDPEN)
9
Cl /Rll 2
11
p-TolOsS ~ \py N conditions

Sn
H it ,2 I
Ph Ph

13

Cl—Ru
p—TolOZS\N/ Sy

Sn
H"Y T

Ph Ph
14

Procedure for the Preparation of 13 from 2-phenylethanol.

To a mixture of 2-phenyl-1-ethanol (0.131 mL, 1.093
mmol, 1.6 eq) and 2,6-lutidine (0.167 mL, 1.434 mmol, 2.10
eq) in dry DCM (5 mL) was added a solution of triflic anhy-
dride (0.195 mI, 1.161 mmol, 1.70 eq) in dry DCM (1.5 mL.)
dropwise at 0° C. under an inert atmosphere. The resulting
light pink solution was stirred at 0° C. for 30 min and at room
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temperature for 60 min. The mixture was again cooled down
to 0° C. To this, solution of (1R,2R) TsDPEN 9 (0.250 g,
0.683 mmol, 1.0eq)and TEA (0.228 mL, 1.639 mmol, 2.4 eq)
in dry DCM (1.5 ml) was added dropwise at 0° C. The
resulting yellow coloured mixture was stirred at 0° C. for 30
min and then at room temperature for 17 h. The reaction
mixture was diluted with DCM (20 mL.) and washed with sat.
NaHCO; solution (3x10 mL). The organic layer was sepa-
rated, washed with H,O (2x10 mL), brine (10 mL), dried over
anhydrous Na,SO,, filtered and concentrated to give crude
compound. The crude compound was purified by column
chromatography over silica gel using EtOAc:Pet. ether (25:
75) as an eluent to give a residue. The residue was triturated in
n-pentane (to remove traces of 2,6-lutidine) to give a solid.
The solid was filtered, washed with n-pentane and dried under
vacuum to give pure compound 13 as white solid (0.275 g,
0.585 mmol, 85.7%).

8, (300 MHz, CDCl;) 7.34 (2H, d, J 8.4, o-CH of
—S0,C¢H,CH,), 7.28-7.16 (3H, m, —CH of phenyl), 7.12-
6.97 (10H, m, —CH of phenyl), 6.90-6.86 (2H, m, —CH of
phenyl), 6.80-6.77 (2H, m, —CH of phenyl), 6.24 (1H, br s,
—NHTs), 4.16 (1H, d, J 7.8, —CHNHTSs), 3.60 (1H, d, ] 7.8,
—CHNH(CH,),—), 2.78-2.50 (4H, m, —NH—
CH,CH,—), 233 (3H, s, —CH,), 1.32 (1H, br s, —NH
(CHy);—).

m/z ESI-MS [M+H]* 471.6, HRMS found 471.2101
(C,oH;50N,0,S H+ requires 471.2101, error=0.4 ppm).

Procedure for the Preparation of 14 from 13.

Compound 13 (C,oH;,N,0O,S, 0.050 g, 0.103 mmol, 1.0
eq) and [RuCl,(C,H, ,0,)], 11 (0.033 g, 0.052 mmol, 0.5 eq)
into dry DCM (1.5 mL) in a glass tube under N,. The tube was
sealed and mixture was stirred at room temp for 30 minto give
brick red solution and heated at 90° C. for 49 h. The reaction
was followed by TLC and mass spectra analysis. The reaction
mixture was cooled to room temperature and concentrated to
give dark brown residue. The residue was scratched in diethyl
ether, filtered and dried to give dark brown solid. The solid
was purified by column chromatography over Florisil using
DCM:MeOH (97:3 to 88:12) to give 14 as a brown solid
(0.034 g, 0.055 mmol, 53%). Characterised by ESI-MS very
low conv. The product was difficult to fully purify due to the
formation of a number of impurities.

m/z ESI-MS [M-CI]* 571.0
Example 3

Preparation of ‘4-methoxy’ or ‘p-OMe’ Catalyst

MeO (CF380,),0
—_—
2,6-lutidine,
DCM, 0° C.
HO
MeO
EtzN, CH,Cl,
p-TolOpS—, NH NI,
F3C0O,S0 Y T~H
Ph Ph
(TsDPEN)
9
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-continued
@—COZEt

Cl Il{u 2

MeO CIQ

11
p-TolOsS~ \py N conditions

Su
pif “Pn

15

Cl—Ru
p-TolOyS w7 N
N NZ
o
Ph Ph

16

Procedure for the Preparation of 15 from 3-(4-methox-
yphenyl)-1-propanol.

To a mixture of 3-(4-methoxyphenyl)-1-propanol (0.362 g,
2.186 mmol, 1.6 eq) and 2,6-Iutidine (0.334 ml, 2.869 mmol,
2.10 eq) in dry DCM (10 mL) was added a solution of triflic
anhydride (0.390 mL,, 2.322 mmol, 1.70 eq) in dry DCM (2.5
mL) dropwise at 0° C. under an inert atmosphere. The result-
ing light pink solution was stirred at 0° C. for 30 min and at
room temperature for 60 min. The mixture was again cooled
downto 0° C. To this, a solution of (1R,2R)TsDPEN (0.500 g,
1.366 mmol, 1.0eq)and TEA (0.456 mI, 3.278 mmol, 2.4 eq)
in dry DCM (2.5 mL) was added dropwise at 0° C. The
resulting yellow coloured mixture was stirred at 0° C. for 30
min and then at room temperature for 17 h. The reaction
mixture was diluted with DCM (20 mL.) and washed with sat.
NaHCO; solution (3x25 mL). The organic layer was sepa-
rated, washed with H,O (2x15 mL), brine (25 mL), dried over
anhydrous Na,SO,, filtered and concentrated to give crude
compound. The crude compound was purified by column
chromatography over silica gel using EtOAc:Pet. ether (25:
75)as an eluent to give a residue. The residue was triturated in
n-pentane (to remove traces of 2,6-lutidine) to give a solid.
The solid was filtered, washed with n-pentane and dried under
vacuum to give pure compound 15 as white solid (0.625 g,
1.216 mmol, 89%).

8, (300 MHz, CDCl,) 7.36 (2H, d, J 8.1, —CH of phenyl),
7.14-7.11 (3H, m, —CH of phenyl), 7.07-6.98 (7H, m, —CH
of phenyl), 6.94-6.87 (4H, m, —CH of phenyl), 6.80 (2H, d,
J8.7,—CH of phenyl), 6.27 (1H, br s, —NHTs), 4.24 (1H, d,
J8.0,—CHNHTs), 3.78 (3H, S,—O0OCH,),3.58 (1H,d,1 7.8,
—CHNH(CH,),—), 2.55-237 (3H, m, —NH—
CHHCH,CH,—), 2.32 (3H, s, —CH,), 2.29-2.23 (1H, m,
—NH—CHHCH,CH,—), 1.74-1.60 (2H, m, —NH—
CH,CH,CH,—), 1.32 (1H, br s, —NH(CH,);—).

m/z ESI-MS [M+H]" 515.1; HRMS found 515.2377
(C5,H;,N,O,S H+ requires 515.2363, error=-2.7 ppm).

Procedure for the Preparation of 16 from 15.

Compound 15 (C;,H,,N,0,8, 0.200 g, 0.389 mmol, 1.0
eq) and [RuCl,(CoH, ,0,)], 11 (0.125 g, 0.195 mmol, 0.5 eq)
dissolved in dry DCM (5 mL) in a glass tube under N,. The
tube was sealed and mixture was stirred at room temp for 30
min to a give brick red solution and heated at 90° C. for 54 h.
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The reaction was followed by TLC and mass spectra analysis.
The reaction mixture was cooled to room temperature and
concentrated to give a dark brown residue. The residue was
precipitated from diethyl ether, filtered and dried to give a
dark brown solid. The solid was purified by column chroma-
tography over Florisil using DCM:MeOH (97:3 to 90:10) to
give brown solid. The solid was recrystallized from MeOH to
give 16 as a golden orange solid (0.108 g, 0.166 mmol,
42.7%).

d,,(300 MHz, CDCl;) 7.27 (2H, d, J 8.1,—CH of phenyl),
7.18-7.07 (3H, m,—CH of phenyl), 6.84-6.77 2H, m, —CH
of phenyl), 6.73 (2H, d, J 8.1, m-CH of —SO,C,H,CH,),
6.63-6.58 (3H, m, —CH of phenyl), 6.54 2H, d, ] 7.2, —CH
of phenyl), 5.55 (1H, dd, J 6.0, 1.2, —CH of Ru—Ar), 5.47
(1H, d, J 6.0, —CH of Ru—Ar), 5.34 (1H, dd, J 6.0, 1.2,
—CH of Ru—Ar), 5.27 (1H, dd, J 6.0, —CH of Ru—Aur),
432 (1H, d, J 11.1, —CHNTSs), 4.05 (1H, br d, —NH
(CH,);—), 398 (3H, s, —OCH,), 3.61-3.53 (1H, m,
—CHNH(CH,);—), 281-2.73 (1H, m, —NH—
CHHCH,CH,—), 253-225 (3H, m, —NH—
CHHCH,CH,—), 2.20 (3H, s, —CH,), 2.12-1.98 (2H, m,
—NH—CH,CH,CH,—).

m/z ESI-MS [M-CI]* 615.1; HRMS found 615.1258
(C5,H;55N,O,RuS—Cl+  requires 615.1257, error=-0.2
ppm).

Alternative Procedures for the Preparation of 16 from 15

Reaction of 15 with 11 in DCM at room temperature for 30
minutes followed by reaction in chlorobenzene (13 mL per
100 mg 15) at 140° C. for 2 h, provided complex 15 (0.105 g
0.164 mmol, 41.5%).

Example 4

+

p-TolOrS— NH NIL

H“HH

Ph Ph
(TsDPEN) 9

Reductive amination
S

\““

@—COZEt

Cl—Il{u

2
11

<>

p—TolOZS\NH N

n
HY ZWH

Ph Ph
17
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-continued

N

Cl—Ru
p-TolOzS N/ ~

H
Y H

Procedure for the Preparation of 17 from biphenyl-2-car-
boxaldehyde and 9.

To a mixture of (1R,2R)-TsDPEN 9 (0.200 g, 0.546 mmol,
1.0eq) and MS 4A (0.4 g) in dry methanol (10 mI) was added
biphenyl-2-carboxaldehyde (0.101 mL,, 0.628 mmol, 1.15eq)
followed by acetic acid (2-3 drops). The mixture was stirred at
room temperature under an inert atmosphere for 4.5 h to form
the imine To this, NaBH;CN (0.142 g, 2.266 mmol, 4.15 eq)
was added and resulting mixture was stirred at room tempera-
ture for 18 h. The reaction mixture was filtered and concen-
trated to give a residue. This was dissolved in DCM (20 mL)
and washed with 1M NaOH (2x15 mL), dried over anhydrous
Na,SO,, filtered and evaporated on a rotavapor to give the
crude product. The crude compound was purified by flash
column chromatography over silica gel using EtOAc:Pet.
ether (7:3) to give compound 17 as white solid (0.195 g,0.367
mmol, 67%).

8,7 (400 MHz, CDCl;) 7.33-7.27 (7TH, m,—CH of phenyl),
7.21-7.17 (2H, m, —CH of phenyl), 7.12-7.09 (4H, m, —CH
of phenyl), 7.05-7.01 (4H, m, —CH of phenyl), 6.96 (2H, d,
J 8.4, —CH of phenyl), 6.88-6.86 (2H, m, —CH of phenyl),
6.75-6.73 (2H, m, —CH of phenyl), 6.28 (1H, br d, J 3.4,
—NHTs), 4.17 (1H, dd, J 6.6, 3.4,—CHNHTs), 3.52 (1H, d,
J 12,6, —CHNHCHH—), 351 (H, d, J 6.6,
—CHNHCH,—), 3.29 (1H, d, J 12.6, —CHNHCHH—),
2.31 (3H, s, —CH,), 1.39 (1H, br s, —NH—CH,—).

m/z ESI-MS [M+H]* 533.2; HRMS found 533.2262
(C5,H;,N,0,S H+ requires 533.2257, error=-0.3 ppm).

Procedure for the Preparation of 18 from 17.

Compound 17 (C;,H;,N,0,S, 0.050 g, 0.094 mmol, 1.0
eq) and [RuCl,(CoH, ,0,)], 11 (0.030 g, 0.047 mmol, 0.5 eq)
indry DCM (1.5 mL)was placed ina glass tube under N,. The
tube was sealed and mixture was stirred at room temp for 30
min to give a brick red solution and heated at 90° C. for 49 h.
The reaction was followed by TLC and mass spectra analysis.
The reaction mixture was cooled to room temperature and
concentrated to give dark brown residue. The residue was
precipitated from diethyl ether, filtered and dried to give dark
brown solid. The solid was purified by column chromatogra-
phy over Florisil using DCM:MeOH (97:3 to 85:15) to give
18 as a brown solid (0.030 g, 0.045 mmol, 47.8%).

8, (300 MHz, CDCl;) 7.61-7.53 (2H, m,—CH of phenyl),
7.42-7.37 (1H, m,—CH of phenyl), 7.21 (2H, d, J 8.1, m-CH
of —SO,C,H,CH;), 7.16-7.10 (3H, m, —CH of phenyl),
6.91 (1H, d, J 7.5,—CH of phenyl), 6.79 (2H, d, J 8.1, o-CH
of —SO,C,H,CH;), 6.75-6.70 (3H, m, 2-CH of phenyl,
—CH of Ru—Ar), 6.62-6.57 (3H, m, —CH of phenyl), 6.44
(2H, d, J 7.2, —CH of phenyl), 6.11-6.02 (2H, m, —CH of
Ru—Ar), 4.78 (1H, d, J 5.1, —CH of Ru—Ar), 5.20 (1H, d,
J 57, —CH of Ru—Ar), 495 (1H, d, T 12.0, —CHNH—
CH,—), 4.74 (1H, J 13.5, —NH—CHH—), 4.10 (1H, d, J
11.3,—CHNTs), 3.85 (1H, d,J 13.5, —NH—CHH—), 3.33-
3.25(1H,dd, J 12.0, 11.3, —CHNH—CH,—), 2.21 (3H, s,
—CHs,).
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633.1; HRMS found 633.1159
615.1257, error=-1.4

m/z ESI-MS [M-CI]*
(C4,H;;N,O,RuS—Cl+ requires
ppm).

Example 5

Preparation of ‘3,5-dimethoxy’ or ‘di-OMe’ Catalyst
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Procedure for the Preparation of 19 from 3-(3,5-
(dimethoxy)phenyl)propanol.

To a mixture of 3-(3,5-(dimethoxy)phenyl)propanol
(C,,;H,40;, 0.428 g, 2.186 mmol, 1.6 eq) and 2,6-lutidine
(0.334 mL, 2.869 mmol, 2.10 eq) in dry DCM (10 mL) was
added a solution of triflic anhydride (0.390 mL, 2.322 mmol,
1.70eq) indry DCM (2.5 mL) dropwise at 0° C. under an inert
atmosphere. The resulting light pink solution was stirred at 0°
C. for 30 min and at room temperature for 60 min. The
mixture was again cooled down to 0° C. To this, a solution of
(IR,2R)TsDPEN (0.500 g, 1.366 mmol, 1.0 eq) and TEA
(0.456 mL, 3.278 mmol, 2.4 eq) in dry DCM (2.5 mL) was
added dropwise at 0° C. The resulting yellow coloured mix-
ture was stirred at 0° C. for 30 min and then at room tempera-
ture for 17 h. The reaction mixture was diluted with DCM (20
ml) and washed with sat. NaHCO, solution (3x25 mL). The
organic layer was separated, washed with H,O (2x15 mL),
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brine (25 mL), dried over anhydrous Na,SO,, filtered and
concentrated to give crude compound. The crude compound
was purified by column chromatography on silica gel using
EtOAc:Pet. ether (25:75) as an eluent to give residue. The
residue was triturated in n-pentane (to remove traces of 2,6-
Iutidine) to give solid. The solid was filtered, washed with
n-pentane and dried under vacuum to give pure compound 19
as an oil (0.610 g, 1.121 mmol, 82%).

d; (400 MHz, CDCLy) 7.36 (2H, d, J 8.4, o-CH of
—S0,C¢H,CH,), 7.14-7.09 (3H, m, —CH of phenyl), 7.06-
7.00 (SH, m, —CH of phenyl), 6.93-6.88 (4H, m, —CH of
phenyl), 6.29 (1H, t, J 2.2, —CH of —C H, (OCHj,),), 6.27
(2H, d, J 2.2, —CH of —C H; (OCH,),), 6.25 (1H, br s,
—NHTs), 4.24 (1H, d, J 7.8, —CHNHTs), 3.78 (6H, S,
(—OCH,),), 3.59 (1H, d, J 7.8, —CHNH(CH,),—), 2.55-
2.40 (3H, m, —NH—CHHCH,CH,—), 2.34-2.28 (1H, m,
—NH—CHHCH,CH,—), 2.32 (3H, s, —CHj;), 1.76-1.62
(2H, m, —NH—CH,CH,CH,—), 1.35 (1H, br s, —NH
(CH5)s—).

m/z ESI-MS [M+H]* 545.2; HRMS found 545.2475
(C5,H;36N,0,S H+ requires 545.2469, error=-1.1 ppm).

Procedure for the Preparation of 20 from 19.

Compound 19 (C;,H;,N,0,S, 0.125 g, 0.230 mmol, 1.0
eq) and [RuCl,(CH,,0,)], (0.074 g, 0.115 mmol, 0.5 eq)
were dissolved in dry DCM (4.5 mL) in a glass tube under N,,.
The tube was sealed and mixture was stirred at room temp for
30 min to give brick red solution and heated at 90° C. for 49
h. The reaction was followed by TLC and mass spectra analy-
sis. The reaction mixture was cooled to room temperature and
concentrated to give a dark brown residue. The residue was
precipitated from diethyl ether, filtered and dried to give a
dark brown solid. The solid was purified by column chroma-
tography over Florisil using DCM:MeOH (97:3 to 88:12) to
give brown solid. The solid was recrystallized from MeOH to
give 20 as a golden orange solid (0.075 g, 0.110 mmol, 48%).

d; (400 MHz, CDCLy) 7.45 (2H, d, J 8.4, o-CH of
—S0,C¢H,CH,), 7.12-7.07 (3H, m, —CH of phenyl), 6.86-
6.84 (3H, m, —CH of phenyl), 6.77-6.73 (4H, m, —CH of
phenyl), 6.64 (2H, d, J 7.2, —CH of phenyl), 5.89 (1H, s,
—CH of Ru—Ar), 4.78 (1H, s, —CH of Ru—Ar), 4.76 (1H,
s, —CH of Ru—Ar), 4.39 (1H, d, J 12.6, —NH(CH,);—),
4.17 (3H, s, OCH,), 4.15 (3H, s, OCH,), 4.07 (1H, d, J 10.3,
—CHNTs), 3.59 (1H, m, —CHNH(CH,);—), 2.70-2.65
(2H, m, —NH—CH,CH,CH,—), 2.62-2.58 (1H, m,
—NH—CHHCH,CH,—), 2.24 (3H, s, —CHy;), 2.20-2.15
(1H, m, —NH—CHHCH,CH,—), 2.11-2.03 (1H, m,
—NH—CH,CHHCH,—), 1.90-185 (1H, m, —NH—
CH,CHHCH,—).

m/z ESI-MS [M-CI]* 645.1; HRMS found 645.1365

(C5,H;35N,O,RuS—Cl+ requires 645.1363, error=-0.2
ppm).
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Procedure for the Preparation of 21 from 3-(4-phenylphe-
nyl)propanol.

To a mixture of 3-(4-phenylphenyl)propanol (C,sH,0,
0.232 g, 1.093 mmol, 1.6 eq) and 2,6-lutidine (0.167 mL,
1.434 mmol, 2.10 eq) in dry DCM (5 mL) was added a
solution of triflic anhydride (0.195mL, 1.161 mmol, 1.70 eq)
in dry DCM (1.5 mL) dropwise at 0° C. under an inert atmo-
sphere. The resulting light pink solution was stirred at 0° C.
for 30 min and at room temperature for 60 min. The mixture
was again cooled down to 0° C. To this, solution of (1R,2R)
TsDPEN (0.250 g, 0.683 mmol, 1.0 eq) and TEA (0.228 mL,
1.639 mmol, 2.4 eq) in dry DCM (1.5 mL.) was added drop-
wise at 0° C. The resulting yellow coloured mixture was
stirred at 0° C. for 30 min and then at room temperature for 17
h. The reaction mixture was diluted with DCM (20 mL.) and
washed with sat. NaHCO, solution (3x10 mL). The organic
layer was separated, washed with H,O (2x10 mL), brine (10
ml), dried over anhydrous Na,SO,, filtered and concentrated
to give crude compound. The crude compound was purified
by column chromatography over silica gel using EtOAc:Pet.
ether (25:75) as an eluent to give a residue. The residue was
triturated in n-pentane (to remove traces of 2,6-lutidine) to
give a solid. The solid was filtered, washed with n-pentane
and dried under vacuum to give pure compound 21 as a white
solid (0.318 g, 0.568 mmol, 83%).

8, (300 MHz, CDCl,) 7.59-7.56 (2H, m, —CH of phenyl),
736 (2H,d, J 8.1, o-CH of —SO,C,H,CHy,), 7.45-7.30 (5H,
m, —CH of phenyl), 7.17-7.11 (5H, m, —CH of phenyl),
7.07-6.99 (5H, m,—CH of phenyl), 6.96-6.89 (4H, m, —CH
of phenyl), 6.27 (1H, br s, —NHTs), 4.26 (1H, d, J 7.8,
—CHNHTs), 3.61 (1H, d, J 7.8, —CHNH(CH,);—), 2.66-~
2.52 (2H, m, —NH—CH,CH,CH,—), 2.50-2.42 (1H, m,
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— NH-—CHHCH,CH,—), 2.36-2.28 (1H, m, —NH
CHHCH,CH,—), 2.32 3H, s, —CH,), 1.81-1.66 (2H, m,
— NH-—CH,CH,CH, ), 1.37 (1H, br s, —NH(CH,);—).

m/z ESI-MS [M+H]* 561.2; HRMS found 561.2571
(C56H;36N,0,S H+ requires 561.2570, error=0.3 ppm).

Procedure for the Preparation of 22 from 21.

Compound 21 (C;5H;,N,0,S, 0.200 g, 0.357 mmol, 1.0
eq) and [RuCl,(CoH,,0,)], 11 (0.115 g, 0.179 mmol, 0.5 eq)
were added to dry DCM (6.0 mL) in a glass tube under N,.
The tube was sealed and the mixture was stirred at room temp
for 30 min to give brick red solution and heated at 90° C. for
49 h. The reaction was followed by TLC and mass spectra
analysis. The reaction mixture was cooled to room tempera-
ture and concentrated to give a dark brown residue. The
residue was precipitated from diethyl ether, filtered and dried
to give a dark brown solid. The solid was purified by column
chromatography over Florisil using DCM:MeOH (97:3 to
88:12) to give 22 as a brown solid (0.079 g, 0.114 mmol,
31.8%) as a mixture of isomers with ratio 0.75:0.25 (A:B by
'"H-NMR in CDCl,).

d; (400 MHz, CDCly) 7.98 (1.5H, d, J 7.6, A —CH of
phenyl), 7.81 (0.5H, d, J 6.4, B—CH of phenyl), 7.49-7.38
(4H, m, A+B —CH of phenyl, A —CH of Ru—Ar), 7.23
(0.25H, d, J 7.8, A—CH of phenyl), 7.18-7.04 (5H, m, A+B
—CH of phenyl, A—CH of Ru—Ar), 6.89-6.72 (2H, m, A+B
—CH of phenyl, B—CH of Ru—Ar), 6.80-6.72 (4H, m, A+B
—CH of phenyl), 6.67-6.62 (2H, m, A+B —CH of phenyl),
6.57 (0.75H, d, J 7.8, A —CH of phenyl), 6.26 (0.75H, d, J
5.6, A—CH of Ru—Ar), 5.86 (0.25H, d, ] 5.2, B—CH of
Ru—Ar), 5.62 (0.25H, br s, B —CH of Ru—Ar), 5.41
(0.75H, d, J 5.2, A —CH of Ru—Ar), 5.23 (0.25H, br d, B
—CHNTs), 5.15 (0.75H, d, ] 5.6, A —CH of Ru—Ar), 4.99
(0.25H, brd, B—CHNH(CH,);—), 4.73 (0.75H, d, ] 12.0, A
—NH(CH,);,—), 4.06 (0.75H, d,J 10.8, A—CHNTs), 3.64-
3.58 (0.75H, m, A —CHNH(CH,);—), 2.91-2.60 (3H, m,
A+B —NH—CHHCH,CH,—), 2.36-2.25 (1H, m, A+B
—NH—CHHCH,CH,—), 2.20 (2.25H, s, A —CH,), 2.12
(0.75H, s, B —CH;), 2.11-2.04 (2H, m, -A+B
NH—CH,CH,CH,—), (peak not identified for (0.25H) B
—NH(CH,);—).

m/z ESI-MS [M-CI]* 661.1; HRMS found 661.1458
(C56H;5N,O,RuS—Cl+ requires 661.1466, error=1.5 ppm).
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Procedure for the Preparation of 23 from 3-(4-isopropy-
Iphenyl)propanol.

To a mixture of 3-(4-isopropylphenyl)propanol (C,,H, O,
0.195 g, 1.093 mmol, 1.6 eq) and 2,6-lutidine (0.167 mL,
1.434 mmol, 2.10 eq) in dry DCM (5 mL) was added a
solution of triflic anhydride (0.195mL, 1.161 mmol, 1.70 eq)
in dry DCM (1.5 mL) dropwise at 0° C. under an inert atmo-
sphere. The resulting light pink solution was stirred at 0° C.
for 30 min and at room temperature for 60 min. The mixture
was again cooled down to 0° C. To this, solution of (1R,2R)
TsDPEN (0.250 g, 0.683 mmol, 1.0 eq) and TEA (0.228 mL,
1.639 mmol, 2.4 eq) into dry DCM (1.5 mL) was added
dropwise at 0° C. The resulting yellow coloured mixture was
stirred at 0° C. for 30 min and then at room temperature for 17
h. The reaction mixture was diluted with DCM (20 mL.) and
washed with sat. NaHCO; solution (3x10 mL). The organic
layer was separated, washed with H,O (2x10 mL), brine (10
ml), dried over anhydrous Na,SO,, filtered and concentrated
to give a crude compound. The crude compound was purified
by column chromatography over silica gel using EtOAc:Pet.
ether (25:75) as an eluent to give residue. The residue was
triturated in n-pentane (to remove traces of 2,6-lutidine) to
give a solid. The solid was filtered, washed with n-pentane
and dried under vacuum to give pure compound 23 as a white
solid (0.340 g, 0.646 mmol, 94.6%).

8, (300 MHz, CDCly) 7.37 (2H, d, J 8.1, 0o-CH of
—S0,CH,CH,), 7.14-7.09 (5H, m, —CH of phenyl), 7.07-
6.99 (7H, m, —CH of phenyl), 6.96-6.87 (4H, m, —CH of
phenyl), 6.28 (1H, br s, —NHTs), 4.24 (1H, 4, J 7.7,
—CHNHTs), 3.59 (1H, d, J 7.7, —CHNH(CH,);—), 2.94-
2.80 (1H, m, —CH(CH,),), 2.57-2.39 (3H, m, —NH—
CHHCH,CH,—), 234-225 (1H, m, —NH—
CHHCH,CH,—), 2.32 (3H, s, —CH,), 1.78-1.60 (2H, m,
—NH—CH,CH,CH,—), 1.23 (6H, d, J 6.9, —CH(CH,),),
(peak not identified for —NH(CH,);—).

m/z ESI-MS [M+H]* 527.2; HRMS found 527.2735
(C553H;55N,0,S H+ requires 527.2727, error=-0.6 ppm).

Procedure for the Preparation of 24 from 23.

Compound 23 (C;3H;3N,0,S, 0.200 g, 0.380 mmol, 1.0
eq) and [RuCl,(C,H,,0,)], 11 (0.122 g,0.190 mmol, 0.5 eq)
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were dissolved in dry DCM (6.0 mL) in a glass tube under N,,.
The tube was sealed and the mixture was stirred at room temp
for 30 min to give brick red solution and heated at 90° C. for
49 h. The reaction was followed by TLC and mass spectra
analysis. The reaction mixture was cooled to room tempera-
ture and concentrated to give a brown residue. The solid was
precipitated from diethyl ether, filtered and dried to give a
dark brown solid. The solid was purified by column chroma-
tography over Florisil using DCM:MeOH (97:3 to 88:12) to
give 24 as a brown solid (0.073 g, 0.110 mmol, 28%) as a
mixture of isomers with ratio 0.8:0.2 (A:B by 'H-NMR in
CDCl,).

d;7 (400 MHz, CDCl,) 7.39-7.29 (2H, m, A+B —CH of
phenyl), 7.18-7.04 (4H, m, A+B —CH of phenyl), 6.87-6.77
(4H, m, A+B —CH of phenyl), 6.75-6.65 (2H, m, A+B —CH
of phenyl), 6.60-6.58 (2H, m, A+B —CH of phenyl), 6.44
(0.2H, d, T 4.8, B—CH of Ru—Ar), 6.36 (0.8H, d, ] 5.6, A
—CH of Ru—Ar), 5.96 (0.8H, d, ] 6.0, A—CH of Ru—Ar),
5.91(0.2H,d,J5.6,B—CH of Ru—Ar), 5.46 (0.2H, br d, B
—CH of Ru—Ar), 5.36 (0.2H, br d, B —CH of Ru—Ar),
518 (1H, d, J 5.6, A —CH of Ru—Ar, B —CHNTs), 4.99
(0.8H, d, J 6.0, A—CH of Ru—Ar), 4.83 (0.2H, d, J 12, B
—CHNH(CH,);—), 4.53 (0.8H, d, J 12.0, A —NH
(CH,);—), 4.10 (0.8H, d, J 10.8, A —CHNTSs), 3.73-3.67
(0.8H, m, A —CHNH(CH,);—), 3.62-3.52 (0.8H, m, A
—CH(CHs;),), 3.19-3.10 (0.2H, m, B —CH(CH,),), 2.87-
2.59 (3H, m, A+B —NH—CHHCH,CH,—), 2.29-2.13 (2H,
m,A+B—NH—CHHCHHCH,—), 2.24 (2.4H, s, A—CHy,),
2.15 (0.6H, s, B —CH,;), 2.08-2.02 (1H, m, -A+B
NH—CH,CHHCH,—), 1.58 (2.4H, d, T 6.8, A —CH
(CH,),), 1.40(0.6H, d, J 6.4, B—CH(CH,),), 1.58 (0.6H, d,
J16.8,B—CH(CH,),), 1.25 (2.4H, d,J 6.8, A—CH(CH,),),
(peak not identified for (0.2H) B —NH(CH,),—).

m/z ESI-MS [M-CI]* 627.1; HRMS found 627.1611
(C553H;5,N,O,RuS—Cl+ requires 627.1622, error=1.3 ppm).
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Procedure for the Preparation of 25 from 3-(4-tertbu-
tylphenyl)propanol.

To a mixture of 3-(4-tertbutylphenyl)propanol (C,;H,,0,
0.210 g, 1.093 mmol, 1.6 eq) and 2,6-lutidine (0.167 mL,
1.434 mmol, 2.10 eq) in dry DCM (5 mL) was added a
solution of triflic anhydride (0.195mL, 1.161 mmol, 1.70 eq)
in dry DCM (1.5 mL) dropwise at 0° C. under an inert atmo-
sphere. The resulting light pink solution was stirred at 0° C.
for 30 min and at room temperature for 60 min. The mixture
was again cooled down to 0° C. To this, a solution of (1R,2R)
TsDPEN 9 (0.250 g, 0.683 mmol, 1.0 eq) and TEA (0.228
ml, 1.639 mmol, 2.4 eq) in dry DCM (1.5 mL) was added
dropwise at 0° C. The resulting yellow coloured mixture was
stirred at 0° C. for 30 min and then at room temperature for 17
h. The reaction mixture was diluted with DCM (20 mL.) and
washed with sat. NaHCO; solution (3x10 mL). The organic
layer was separated, washed with H,O (2x10 mL), brine (10
ml), dried over anhydrous Na,SO,, filtered and concentrated
to give a crude compound. The crude compound was purified
by column chromatography over silica gel using EtOAc:Pet.
ether (25:75) as an eluent to give a residue. The residue was
triturated in n-pentane (to remove traces of 2,6-lutidine) to
give solid. The solid was filtered, washed with n-pentane and
dried under vacuum to give pure compound 25 as a white
solid (0.312 g, 0.578 mmol, 84.6%).

d;, (300 MHz, CDCly) 7.37 (2H, d, J 8.4, o-CH of
—S0,CH,CH,), 7.29-7.25 (2H, m, —CH of phenyl), 7.14-
7.11 (3H, m, —CH of phenyl), 7.05-7.00 (7H, m, —CH of
phenyl), 6.96-6.87 (4H, m, —CH of phenyl), 6.28 (1H, br's,
—NHTs), 4.24 (1H, d, J 8.0, —CHNHTSs), 3.59 (1H, d, J 8.0,
—CHNH(CH,);—), 2.57-239 (3H, m, —NH—
CHHCH,CH,—), 234-226 (1H, m, —NH—
CHHCH,CH,—), 2.32 (3H, s, —CH,), 1.76-1.63 (2H, m,
—NH—CH,CH,CH,—), 1.30 (10H, br s, —C(CH,); and
—NH(CH,),—).

m/z ESI-MS [M+H]* 541.2; HRMS found 541.2888
(C5,H,oN,O,S H+ requires 541.2883, error=-0.6 ppm).

Procedure for the Preparation of 26 from 25.

Compound 25 (C;,H,,N,0O,S, 0.200 g, 0.370 mmol, 1.0
eq) and [RuCl,(CyH,,0,)], 11 (0.119 g, 0.185 mmol, 0.5 eq)
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into dry DCM (6.0 mL) in a glass tube under N,. The tube was
sealed and mixture was stirred at room temp for 30 min to a
give brick red solution and heated at 90° C. for 49 h. The
reaction mixture was cooled to room temperature and con-
centrated to give a dark brown residue. The residue was
precipitated from diethyl ether, filtered and dried to give
brown solid. The solid was purified by column chromatogra-
phy over Florisil using DCM:MeOH (97:3 to 88:12) to give
26 as a brown solid (0.052 g, 0.078 mmol, 20.8%) as a
mixture of isomers with ratio 0.55:0.45 (A:B by 'H-NMR in
CDCl,).

d, (400 MHz, CDCl,) 7.30 (1.1H, d, J 8.0, A —CH of
phenyl), 7.22 (0.9H, d, J 8.0, B—CH of phenyl), 7.17-7.11
(2H, m, A+B —CH of phenyl, A+B —CH of Ru—Ar), 7.09-
7.02 (3H, m, A+B —CH of phenyl), 6.99-6.98 (1H, m, A+B
—CH of phenyl), 6.77-6.75 (2H, m, A+B —CH of phenyl),
6.71-6.33 (3H, m, A+B —CH of phenyl, A+B —CH of
Ru—Ar), 6.58-6.54 (2H, m, A+B —CH of phenyl), 5.87-5.84
(1H, m, A+B—CH of Ru—Ar), 5.69 (0.45H, br s, B—CH of
Ru—Ar), 5.60 (0.55H, d, J 5.2, A —CH of Ru—Ar), 5.48
(0.45H, br s, B—CH of Ru—Ar), 5.21-5.17 (1H, m, A—CH
of Ru—Ar, B —CHNTs), 4.78 (0.45H, br d, B —CHNH
(CH,);—),4.68 (0.55H,d, J10.8,A—CHNTs),4.30 (0.55H,
br d, A NH(CH,),—), 3.87-3.81 (0.55H, m, A —CHNH

(CH,),—), 285254 (3H, m, A+B —NH -
CHHCH,CH, ), 237227 (I1H, m, A+B —NH -
CHHCH,CH, ), 2.16-2.08 (2H, m, A+B —NH -

CH,CH,CH,—),2.19 (1.65H,s,A —CH,), 2.13(1.35H, 5, B
—CH,), 1.60 (4.95H, s, A —C(CH,),), 1.55 (4.05H, s, B
—C(CH,);), (peak not identified for (0.45H) B —NH
(CH5)s—).

m/z ESI-MS [M-CI]* 641.1; HRMS found 641.1777
(C5,H;oN,O,RuUS—Cl+ requires 641.1778, error=0.3 ppm).
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To a mixture of (1R,2R)-TsDPEN 9 (0.318 g, 0.870 mmol,
1.0eq) and MS 4A (0.5 g) in dry methanol (10 mL.) was added
3-(4-acetylaminophenyl)propanol (C,,;H,;NO,,0.191 g, 1.0
mmol, 1.15 eq) followed by acetic acid (2-3 drops). The
mixture was stirred at room temperature under an inert atmo-
sphere for 4.5 h to form the imine. To this, NaBH,CN (0.227
g,3.611 mmol, 4.15 eq) was added and resulting mixture was
stirred at room temperature for 24 h. The reaction mixture was
filtered and concentrated to give a residue. This was dissolved
in DCM (20 mL) and washed with 1M NaOH (2x15 mL),
dried over anhydrous Na,SO,, filtered and evaporated on a
rotavapor to give the crude product. The crude compound was
purified by flash column chromatography over silica gel using
EtOAc:Pet. ether (7:3) to give compound 27 as a white solid
(0.380 g, 0.702 mmol, 80.8%).

d,,(300 MHz, CDCl,) 7.39-7.34 (5H, m, —CH of phenyl),
7.12-7.10 (3H, m,—CH of phenyl), 7.05-7.00 (6H, m, —CH
of phenyl), 6.92-6.87 (4H, m, —CH of phenyl), 6.26 (1H, br
s, —NHTs), 4.22 (1H, d, J 7.8, —CHNHTs), 3.57 (1H, d, J
7.8, —CHNH(CH,);—), 2.56-2.38 (3H, m, —NH—
CHHCH,CH,—), 233-222 (1H, m, —NH—
CHHCH,CH,—), 232 (3H, s, —CH,), 2.13 (3H, s,
—COCH,), 1.71-1.60 (2H, m, —NH—CH,CH,CH,—),
1.48 (1H, br s, —NH(CH,);—).

m/z ESI-MS [M+H]* 542.2; HRMS found 542.2476
(C4,H;5N;0,S H+ requires 542.2472, error=0.2 ppm).

Procedure for the Preparation of 28 (‘3C p-NAc’) from 27.

Compound 27 (C;,H;3N50,8, 0.100 g, 0.185 mmol, 1.0
eq) and [RuCl,(C,H, ,0,)], 11 (0.060 g, 0.093 mmol, 0.5 eq)
were dissolved in dry DCM (4.5 mL.) under N,, and stirred at
room temp for 60 min to give a brick red solution. The mixture
was concentrated on a rotavpor to give dark orange residue.
To this, chlorobenzene (12 ml.) was added and mixture
heated at 100° C. for 5 h. The reaction mixture was cooled to
room temperature and concentrated to give dark brown resi-
due. The solid was scratched in diethyl ether, filtered and
dried to give dark brown solid. The solid was purified by
column chromatography over Florisil using DCM:MeOH
(97:3 to 88:12) to give 28 as a brown solid. (0.033 mg, 0.049
mmol, 26%).

d, (400 MHz, CDCl,) 9.39 (1H, s, —NHCOCH,), 7.25
(2H, d, J 8.0, —CH of phenyl), 7.13-7.02 (3H, m, —CH of
phenyl), 6.89-6.84 (2H, m, —CH of phenyl), 6.82-6.75 (3H,
m, —CH of phenyl), 6.71-6.67 (2H, m, —CH of phenyl),
6.62-6.52 (3H, m, —CH of phenyl, —CH of Ru—Ar), 6.25
(1H,d, J 5.6,—CH of Ru—Ar), 5.26 (1H, d, J 5.6, —CH of
Ru—Ar), 5.22 (1H, m, —CH of Ru—Ar), 4.44 (1H, br d,
—NH(CH,),—), 4.09 (1H, d, J 10.8, —CHNTs), 3.69 (1H,
m, —CHNH(CH,),—), 2.82-2.55 (3H, m, —NH—
CHHCH,CH,—), 236-228 (1H, m, —NH—
CHHCH,CH,—), 2.24 (3H, s, —CH,), 2.07 (3H, s, —NH-
COCHs;), 2.06-1.98 (2H, m, —NH—CH,CH,CH,—).
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m/z ESI-MS [M-CI]* 642.1; HRMS found 642.1374
(C5,H ,N;O,RuS—Cl+ requires 642.1366, error=-1.5

ppm).
Example 10

Asymmetric Transfer Hydrogenation (ATH)
Reduction with Formic Acid/Triethylamine

The asymmetric reduction of prochiral ketones to alcohols
through the process of asymmetric transfer hydrogenation
(ATH) has been studied. ATH requires the use of an organic
molecule as the source of hydrogen in the reduction reaction.
Typically this is formic acid, isopropanol or sodium formate.
In our investigation we have used the most common reagent;
a 5:2 formic acid:triethylamine mixture.

X XH
Catalyst (<1 mol %) H
Jk HCO,H/Et;N S\
RA RB RA RB
X=0
X =NR¢

To amixture of catalyst (0.002 mmol) in FA:TEA (5:2) (1.0
ml.) was added ketone/imine (2.0 mmol) and stirred at 60° C.
for 1 h-31 h under an inert atmosphere. The reaction was
monitored by chiral GC. For chiral GC analysis, the small
sample from reaction mixture was filtered through a plug of
silica using hexane:EtOAc (1:1). The filtrate was analysed by
chiral GC. After completion of reaction, (i) for ketone reduc-
tion:reaction mixture was filtered through silica using EtOAc.
The filtrate was concentrated to give a crude alcohol. The
crude compound was purified by flash column chromatogra-
phy over silica gel to give pure alcohol; (ii) for imine reduc-
tion:reaction mixture was concentrated, diluted with DCM
and washed with sat. NaHCO, solution. The organic layer
was separated, dried over anhydrous Na,SO,, filtered and
concentrated to give amine.

Example 11

Asymmetric Hydrogenation (AH) Reduction with
Hydrogen Gas

The asymmetric reduction of prochiral ketones to alcohols
through the process of pressure hydrogenation (AH) has been
studied. AH requires the use of hydrogen gas as the source of
hydrogen in the reduction reaction. The results below contrast
the results obtained using the new complexes with those
reported previously for a series of other catalysts which have
been reported previously (A. M. Hayes, D. J. Morris, G. J.
Clarkson and M. Wills, Am. Chem Soc, 2005, vol 127, 7318-
7319)

XH
Catalyst (<1 mol %) H
—_—

H

X
RAJI\ RZ R4 RZ
X=0

X =NR®

To a Pyrex test tube was added the substrate (1 mmol)
followed by the catalyst (0.002 mmol). To this was then added
MeOH (2 mL). The test tube was then placed into a Parr
reactor which was sealed and purged with hydrogen gas. The
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reactor was then charged to a pressure of 30 bar hydrogen gas,
heated to the required temperature (60° C.) and stirred for the
required time. Once complete the reactor was allowed to cool
to room temperature and the pressure released. The reaction
solution was filtered through silica with 1:1 EtOAc:petroleum
ether 40-60 solution to remove the catalyst. The filtrate was
dried by rotary evaporation to give the product which was
analysed by gas chromatography or HPLC.

The p-OMe catalyst 16 is capable of generating high enan-
tiomeric inductions in reductions of a range of prochiral
ketones, often giving improved results in terms of conversion
and/or enantioselectivity compared to published catalysts.

Alternative Conditions for Complexations via Arene
Exchange using Complexes

SO;p-Tol— NI

N solvent, heat

Sn
H\\\\\ 2’ H
Ph Ph

Cl—Ru
SOp-Tolme o ™
N NZ
o
H nnd Z H
Ph Ph

The reaction can be followed by mass spectrometry. The
peak at m/z 485 is the ligand and the product ([M-Cl]+) is at
ca. m/z 585. ESI-MS illustrates the conversion of ligand to
tethered complex, without formation of the unwanted biden-
tate complex. An example of an ESI-MS after 46 h—heating
in DCM, 90° C. is shown in FIG. 1.

Selected alternative variations: (i) Ligand and [RuCl,(1,4-
(Et0,0),CcH,)], in DCM at rt for 30 min and heated at 90° C.
for 49 h; formation of required complex. (ii) Ligand and
[RuCl,(1,4-(EtO,C)(CH;)CHL)], in DCM at rt for 30 min
and heated at 90° C. for 49 h; formation of complex in lower
conversion. (iii) Ligand and [Ru(C;H;CO,E)Cl,], in DCM
at rt for 30 min followed by heating in chlorobenzene at 140°
C. for 2 h; formation of required complex. Thin layer chro-
matography (TLC) on silica gel can also be used to follow the
reactions.

MeO Cl—Ru

Sozp_T01\NH solvent, heat

Sn
Hn\l‘ ,”’ I
Ph Ph
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-continued

Novel '3C p-OMe’

The reaction can be followed by mass spectrometry. An
example of 4-methoxy ESI-MS after 51.5 h—heating in
DCM, 90° C.; ligand is at m/z 515, complex [M-Cl) is at m/z
615 is shown in FIG. 2.

Selected alternative variations: (i) Ligand and [RuCl,(1,4-
(EtO,C),CcH,)], in DCM at rt for 30 min and heated at 90° C.
for 49 h; formation of required complex; (ii) Ligand and
[RuCl,(1,4-(EtO,C)(CH;)C¢HL)], in DCM at rt for 30 min
and heated at 90° C. for 49 h; formation of required complex
in lower conversion; (iii) Ligand and [Ru(C HCO,Et)CL,],
in DCM at rt for 30 min then reaction in chlorobenzene at
140° C. for 2 h; formation of the required complex. Ligand
and [Ru(C,H;CO,Et)Cl,], stirred for 1 hour in DCM which
was then replaced with chlorobenzene, and heated for 6 h at
90° C.: 100 mg ligand gave 90 mg product from column
(69%), which was recrystallized to give 50 mg solid (38%). At
75° C., reaction appeared complete after 6 hours in chlo-
robenzene. Also complete after 5 h heating in chlorobenzene
at 90° C., or 3 h in chlorobenzene at 100° C. Thin layer
chromatography (TLC) on silica gel can also be used to
follow the reactions. The combination of ligand and [Ru
(CH5COLENCL,], in DCM at rt formed only a bidentate
complex. The following bases —Ca(OH),, NaHCO;,
K,CO;, Mg(OH), can be added to the reaction however
strong NaOH and Et;N are detrimental, leading to formation
of'an unwanted bidentate complex. Mass spectrometry traces
of reactions with added base were recorded.

MeO

MeO

p-TolO,S NH N

Z solvent, heat

H
H\u\‘ > I
Ph Ph
Novel '3C bis-m-OMe’
MeO.
MeO |
Cl—Ru
p-TolO2S~, N/ N
~
H
Hnu\ % H
Ph Ph

The reaction can be followed by mass spectrometry. An
example of 2,4-Dimethoxy ESI-MS after 48 h heating in
DCM, 90° C.; ligand is at m/z 545, complex is at m/z 645
([M-C1]+ is shown in FIG. 3.
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Reaction of ligand with [Ru(C,H;CO,Et)CL, ], in DCM at
room temperature for 30 min followed by in chlorobenzene at
140° C. for 2 h, resulted in the formation of required complex
in 32% isolated yield.

Additional Complexes which have been Prepared
and Tested

4-lodo-N-((1R,2R)-2-(3-(4-methoxyphenyl)propy-
lamino)-1,2-diphenylethyl)benzenesulfonamide SRC

1130/1150
I
)
Il
0=s
| +
Ph \[ NI
" SN,
HO
—_
OMe
I
)
Il
0 =T
Ph NI
Ph:[ N
i

OMe

To amixture of alcohol C, ,H, ,0, (0.278 g, 1.67 mmol, 1.6
eq) and 2,6-lutidine (0.255 mL., 2.197 mmol, 2.10 eq) into dry
DCM (10 mL) was added a solution of triflic anhydride (1M
in DCM) (1.78 mL, 1.778 mmol, 1.70 eq) dropwise at 0° C.
under an inert atmosphere. The resulting light pink solution
was stirred at 0° C. for 30 min and at room temperature for 60
min. The mixture was again cooled to 0° C. To this, a solution
of'diamine C,,H,IN,O,S (0.500 g, 1.046 mmol, 1.0 eq) and
TEA (0.349 mL, 2.510 mmol, 2.4 eq) in dry DCM (5 mL) was
added dropwise at 0° C. The resulting yellow coloured mix-
ture was stirred at 0° C. for 30 min and then at room tempera-
ture for 17 h. The reaction mixture was diluted with DCM (15
ml) and washed with sat. NaHCO, solution (3x10 mL). The
organic layer was separated, washed with H,O (2x10 mL),
brine (10 mL), dried over anhy. Na,SQO,, filtered and concen-
trated to give the crude compound. The crude compound was
purified by column chromatography on silica gel using
EtOAc:Pet. ether (30:70) as an eluent to give a product. The
product was triturated in n-pentane (to remove traces of 2,6-
Iutidine). The solvent was evaporated to give the pure com-
pound as white solid (0.439 g, 0.701 mmol, 67%). Mp 122-
124° C.; [at] ,2*=+8.7 (¢ 0.505 in CHCL,); v,,,,,. 3305, 3028,
2997,2926, 2831, 1611, 1567, 1510, 1493, 1459, 1161, 811,
727, 701 ecm™'; 8, (400 MHz, CDCl,) 7.52 (2H, d, J 8.4,
—CH of —S0O,C.H,I), 7.18-7.04 (8H, m, —CH of phenyl,
—CH of —S0O,CzH,]), 6.98 (2H, d, ] 8.8, —CH of —C,H,,
(OCH,)), 6.96-6.91 (4H, m, —CH of phenyl), 6.79 (2H, d, J
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8.8, —CH of —C4H, (OCH,)), 6.33 (1H, brs,—NHTs), 4.30
(1H, d, J 7.4, —CHNHTSs), 3.78 (3H, s, —OCH,), 3.61 (1H,
d, J 7.4, —CHNH(CH,);—), 2.53-2.40 (3H, m, —NH—
CHHCH,CH,—), 231-226 (1H, m, —NH—
CHHCH,CH,—), 1.74-159 (2H, m, —NH—
CH,CH,CH,—), 1.28 (1H, br s, —NH(CH,);—); d¢ (100
MHz, CDCl,) 157.75 (C), 139.83 (C), 139.05 (C), 137.94
(C), 137.56 (2CH), 133.70 (C), 129.17 (2CH), 128.38 (4CH),
128.08 (2CH), 127.57 (CH), 127.48 (3CH), 127.24 (2CH),
113.75 (2CH), 99.29 (C), 67.49 (CH), 63.09 (CH), 55.24
(OCH,), 46.40 (CH,), 32.32 (CH,), 31.60 (CH,); m/z ESI-
MS [M+H]* 627.1; HRMS found 627.1174 (C;,H;, IN,O;S
H+ requires 627.1173, error=-0.1 ppm).

{4-Todo-N-((1R,2R)-2-(3-(4-methoxyphenyl)propy-

lamino)-1,2-diphenylethyl)benzenesulfonamide } -
ruthenium chloride SRC 1135/1312

1
(€]
I
[oF—

T
Ph NH
\[ +
P N
H
OMe
|
RuCly
2
o o OMe
\/ |
~ —Ru
N-—7 ~a

Compound C;,H;,IN,O,S (0.300 g, 0.479 mmol, 1.0 eq)
and [RuCl,(CsH,,0,)], (0.154 g, 0.150 mmol, 0.5 eq) were
dissolved in dry DCM (15 mL) under N, and stirred at room
temp for 30 min to give a brick red solution. The mixture was
concentrated on a rotavapor to give a dark orange residue. To
this, chlorobenzene (30 mL) was added and mixture heated at
90° C. for 5 h. The reaction mixture was cooled to room
temperature and concentrated to give a dark brown residue.
The solid was scratched in diethyl ether, filtered and dried to
give dark brown solid. The solid was purified by column
chromatography over Florisil using DCM:MeOH (97:3 to
86:14) to give compound as a brown solid. The solid was
recrystallized from MeOH to give pure product as an orange
solid (0.125 g, 0.164 mmol, 34%). Mp decomposition>280°
C.; [a] ,*®==164.54 (c 0.055 in CHCL,); v, . 3198, 3051,
3027,2925,2872,1572,1533,1509, 1465, 1454, 1279, 1266,
1255, 835, 796, 725, 694 cm™; §,, (500 MHz, CD,Cl,) 7.34
(2H,d,J8.3,—CHof—SO,CH,I),7.23-7.16 (3H, m,—CH
of phenyl), 7.10 (2H, d, J 8.3, —CH of —SO,CH.I), 6.96-
6.86 (3H, m, —CH of phenyl), 6.73-6.70 (2H, m, —CH of
phenyl), 6.60 (2H, d, J 7.5, —CH of phenyl), 5.55 (1H, d, J
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5.8, CHofRu—Ar),5.51 (1H,d,] 5.8, —CHofRu—Ar),
537(1H,d,76.0, CHofRu—Ar),5.31 (11, d,J6.0, CH
of Ru—Ar), 427 (1H, d, J 11.0, —CHNTS), 4.00-3.96 (11,
m, — NH(CH,), ), 3.96 (3H, s, —OCHS,), 3.68-3.63 (1,

m, —CHNH(CH,),—), 2.80-2.75 (1H, m, —NH
CHHCH,CH, ), 2.53-244 (H, m, —NH
CHHCH,CHH ), 234-229 (1H, m, — NH
CH,CH,CHH—), 216210 (H, m, —NH -
CH,CHHCH, ), 202-193 (1H, m, — NH

CH,CHHCH,—); ¢ (125 MHz, CD,Cl,) 147.61 (C), 138.96
(C), 136.87 (2CH), 136.80 (C), 135.27 (C), 129.45 (2CH),
129.21 (CH), 129.09 (4CH), 128.96 (CH), 127.64 (2CH),
126.83 (2CH), 95.45 (C), 91.85 (C), 85.34 (CH), 81.68 (CH),
79.63 (CH), 72.19 (CH), 69.13 (CH), 65.75 (CH), 57.19
(OCHS,), 50.08 (CH,), 31.09 (CH,), 27.63 (CH,); m/z ESI-

MS [M-CI]* 7270, HRMS found 727.0072
(C50H;50N,O;RUS—Cl+  requires 727.0067, error=-1.4
ppm).

N-((1R,2R)-2-(3-(4-Methoxyphenyl)propylamino)-1,
2-diphenylethyl)-4-(2-(trimethylsilyl)ethynyl)benze-
nesulfonamide SRC 1134/1156

T™MS

OMe

In glass tube diamine C;,H;,IN,O;S (0.501 g, 0.8 mmol,
1.0 eq), PdC1,(PPh,), (28 mg, 0.040 mmol, 0.05 eq) and Cul
(15.3 mg, 0.080 mmol, 0.1 eq) were dissolved in dry THF (10
mL) under an inert atmosphere followed by TEA (2.5 mL).
The resulting mixture was stirred for 5 min followed by
addition of trimethylsilylacetylene (0.382 mL, 2.71 mmol,
3.89 eq). The glass tube was sealed under an inert atmosphere
and stirred at room temperature for 22 h. The reaction mixture
was filtered through Celite and washed with EtOAc (2x20
mL). The filtrate was concentrated on a rotavapor to give a
residue. The crude compound was purified by column chro-
matography over silica gel using EtOAc:Pet. ether (26:74) as
an eluent to give the pure product as a light green solid (0.426
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g, 0.714 mmol, 89%). Mp 48-50° C.; [a] ,>*=+9.29 (c 0.280
in CHCL,); v, 3263, 3060, 3030, 2931, 2834, 2159, 1611,
1590, 1510, 1453, 1395, 1244, 1153, 838,758, 697 cm™"; 8,
(400 MHz, CDCly) 737 (2H, d, J 84, —CH of
—S0,C¢H,—),7.28 (2H, d, 8.4, —CH of —S0,CcH,—),
7.15-7.02 (6H, m, —CH of phenyl), 6.99 (2H, d, 8.4, —CH
of —CH, (OCH,)), 6.95-6.89 (4H, m,—CH of phenyl), 6.80
(2H, d, 1 8.4, —CH of —CgH, (OCH,)), 637 (1H, br s,
—NHTs), 427 (1H, d, T 8.0, —CHNHTSs), 3.78 (3H, s,
—OCHS,), 3.59 (1H, d, 1 8.0, —CHNH(CH,),—), 2.55-2.40
(3H, m, —NHCHHCH,CH, ), 232-226 (1H, m,
— NH-—CHHCH,CH,—), 1.75-1.61 (2H, m, —NH
CH,CH,CH,—), 1.37 (1H, br s, —NH(CH,);—), 0.26 (9H,
s, —Si(CH,),); dc (100 MHz, CDCl,) 157.75 (C), 139.59
(C), 139.06 (C), 137.96 (C), 133.72 (C), 131.82 (2CH),
129.18 (2CH), 128.37 (2CH), 128.01 (2CH), 127.58 (CH),
127.53 (2CH), 127.50 (CH), 127.28 (2CH), 127.01 (CH),
126.83 (2CH), 113.76 (2CH), 103.38 (C), 97.76 (C), 67.71
(CH), 63.31 (CH), 55.23 (OCHS,), 46.42 (CH,), 32.33 (CH,),
31.63 (CH,), —0.194 (Si(CH,),); ESI-MS [M+H]* 597.2.

{N-((1R,2R)-2-(3-(4-Methoxyphenyl)propylamino)-
1,2-diphenylethyl)-4-(2-(trimethylsilyl )ethynyl)ben-
zenesulfonamide }-ruthenium chloride SRC 1139/

1158
T™S
A

0

I

o=¢g

| +
Ph \[ NH
e SN
"
OMe
—_—
RuCl, .
o o OMe
\/
SN Ru—Cl
_ /
/
T™S Ph’k/N
AN
H

Sy,

P

Diamine C;;H,,N,0,SSi (0373 g, 0.626 mmol, 1.0 eq)
and [RuCl,(C;H,,0,)], (0.202 g, 0.313 mmol, 0.5 eq) were
dissolved in dry DCM (15 mL) under N, and stirred at room
temp for 30 min to give a brick red solution. The mixture was
concentrated on a rotavpor to give a dark orange residue. To
this, chlorobenzene (30 mL) was added and mixture heated at
90° C. for 5.5 h. The reaction mixture was cooled to room
temperature and concentrated to give a dark brown residue.
The solid was scratched in diethyl ether, filtered and dried to
give dark brown solid. The solid was purified by column
chromatography over Florisil using DCM:MeOH (97:3 to
86:14) to give the crude compound as a brown solid. The solid
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was recrystallized from MeOH to give pure complex as
orange solid (0.094 g, 0.128 mmol, 20%). Mp decomposi-
tion>280° C.; [a] ,**==328.33 (¢ 0.03 in CHCL,); v,,,,,. 3190,
3051,2936,2917,2156, 1533, 1465,1454,1257,1181, 1041,
839, 814, 799, 760, 696 cm™; §,, (400 MHz, CDCl,) 7.31
(2H, d, J 8.2, —CH of —SO,C;H,—), 7.165-7.07 (3H, m,
—CH of phenyl), 7.03 (2H, d, ] 8.4, —CH of —SO,C,H,—),
6.83-6.79 (3H, m, —CH of phenyl), 6.68-6.64 (2H, m, —CH
of phenyl), 6.55 (2H, d, J 7.6, —CH of phenyl), 5.55 (1H, d,
J5.6,—CHofRu—Ar), 5.48 (1H,d,J5.6,—CH of Ru—Ar),
532(1H,d,J6.0,—CHofRu—Ar),5.28 (1H, d,J 6.0, —CH
of Ru—Ar), 430 (1H, d, J 11.2, —CHNTs), 4.06-3.99 (1H,
m, —NH(CH,);—), 3.96 (3H, s, —OCHy;), 3.62-3.56 (1H,

m, —CHNH(CH,),—), 2.81-2.75 (1H, m, —NH
CHHCH,CH,—), 252242 (H, m, —NH -
CHHCH,CH,—), 224248 (1H, m, —NH
CH,CH,CHH—), 234226 (1H, m, —NH
CH,CH,CHH—), 2.13-195 (H, m, —NH -

CH,CH,CH,—), 0.24 (9H, s, —Si(CH,);); dc (100 MHz,
CDCl;) 146.67 (C), 138.45 (C), 136.21 (C), 134.65 (O),
130.72 (4CH), 128.72 (4CH), 128.41 (CH), 127.05 (2CH),
126.80 (2CH), 126.45 (CH), 123.15 (C), 104.97 (C), 96.68
(C), 91.18 (C), 84.62 (CH), 81.33 (CH), 78.79 (CH), 72.03
(CH), 68.84 (CH), 65.46 (CH), 56.80 (OCH,), 49.43 (CH,),
30.34 (CH,), 27.27 (CH,), -0.006 (Si(CH,),); ESI-MS
[M-C1]* 697.1, HRMS found 697.1494
(C55H;3oN,O;RuSSi—Cl+ requires 697.1497, error=-0.1

ppm).

Ethoxyethoxy)ethoxy )ethoxy)benzenesulfonamide
SRC 1215

SN o NN

)
Il >
0=s
|
<!
0 0
WO /\}2/ ~
)
I
O=T
Ph\[NH
" SN

To a mixture of (R,R)-DPEN (0.637 g, 3.00 mmol) and
TEA (0.760 mL, 5.460 mmol, 1.82 eq) in dry DCM (20 mL)
was added a solution of chloride C, ,H,,ClO4S (1.056 g, 3.00
mmol, 1.0 eq) in dry DCM (10 mL) dropwise at 0° C. under
an inert atmosphere. The resulting light pink solution was
stirred at 0° C. for 30 min and at room temperature for 18 h.
The mixture was concentrated on a rotavapor to give a crude
compound. The crude compound was purified by column
chromatography over silica gel using DCM:MeOH (95:5) as
an eluent to give pure compound as an oil (1.380 g, 2.614
mmol, 87%). [ct] ,*=-11.15 (c 0.740 in CHCL,); v,,,,,. 3280,
3062,3030,2972, 2868, 1594, 1580, 1495, 1453, 1323, 1301,
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1255, 1179, 1094, 1054, 923, 832, 766, 698 cm™"; 9, (400
MHz, CDCL,) 7.34 (2H, d, ] 8.8, —CH of —S0,CH, ).
7.18-7.14 (60, m, —CH of phenyl), 7.11-7.09 (4, m, —CH
of phenyl), 6.67 (2[, d, ] 8.8, — CHof —SO,CH,—), 6.01
(1H, br's, —NHTs), 435 (11, d, J 5.6, —CHNHTs), 4.11-
408 (30, m, —CHNH,, —C 1, OCH,CH,0—), 3.85
(M, t, ] 4.8, —C,H,—OCH,CH,0—), 3.75-3.72 (2H, m,

—OCH,CH,0—CH,CH,OE), 3.70-3.68 (2H, m,
—OCH,CH,0-CH,CH,OE), 3.673.64 (2H, m,
—OCH,CH,0—CH,CH,OE), 3.61357 (2H, m,
—OCH,CH,0-CH,CH,OE1), 352 (2H, q, 1 7.,

—OCH,CH,), 1.51 (2H, br s, —NH,), 1.20 (3H, t, J 7.1,
—OCH,CH,); 8¢ (100 MHz, CDCl,) 161.49 (C), 141.46 (C),
139.18 (C), 131.93 (C), 128.86 (2CH), 128.41 (2CH), 128.21
(2CH), 127.51 (CH), 127.37 (CH), 127.01 (2CH), 126.51
(2CH), 114.25 (2CH), 70.88 (CH,), 70.72 (CH,), 70.63
(CH,), 69.79 (CH,), 69.41 (CH,), 67.66 (CH,), 66.61 (CH,),
63.15 (CH), 60.52 (CH), 15.13 (CH;); m/z ESI-MS [M+H]*
529.2; HRMS found 529.2354 (C,4H;(N,OS H+ requires
529.2367, error=1.6 ppm).

4-(2-(2-(2-Ethoxyethoxy )ethoxy)ethoxy)-N-((1R,
2R)-2-(3-(4-methoxyphenyl)propylamino)-1,2-
diphenylethyl)benzenesulfonamide SRC 1220

)
I
0=¢
| -
Ph NI
\[ o
e NI
OMe
0 o
\/\60/\9/ ~
I} 2
I
O=T
NI

OMe

To a mixture of alcohol C, H,,0, (0.266 g, 1.60mmol, 1.6
eq) and 2,6-lutidine (0.245 mL, 2.10 mmol, 2.10 eq) in dry
DCM (15 mL) was added a solution of triflic anhydride (1M
in DCM) (1.7 mL, 1.70 mmol, 1.70 eq) dropwise at 0° C.
under an inert atmosphere. The resulting light pink solution
was stirred at 0° C. for 30 min and at room temperature for 60
min. The mixture was again cooled down to 0° C. To this, a
solution of compound C,3H;N,OS (0.560 g, 1.0 mmol, 1.0
eq) and TEA (0.334 mL,, 2.4 mmol, 2.4 eq) in dry DCM (10
ml) was added dropwise at 0° C. The resulting yellow
coloured mixture was stirred at 0° C. for 30 min and then at
room temperature for 17 h. The reaction mixture was diluted
with DCM (20 mL) and washed with sat. NaHCO; solution
(3x20 mL). The organic layer was separated, washed with
H,O (2x20 mL), brine (15 mL), dried over anhy. Na,SO,,
filtered and concentrated to give crude compound. The crude
compound was purified by column chromatography over
silica gel using EtOAc:Pet. ether (70:30) as an eluent to give
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a residue. The residue was triturated in n-pentane (to remove
traces of 2,6-lutidine) but there was no any solid separation.
The solvent was evaporated to give pure compound an oil
(0.510 g, 0.754 mmol, 75%). [a],>*=-11.9 (¢ 0.470 in
CHCL,); v,,..» 3262, 5062, 3029, 2864, 1594, 1580, 1511,
1495,1453,1300, 1244, 1149, 1093, 1030, 924, 830, 770, 698
em™; 8, (400 MHz, CDCl,) 7.39 (2H, d, J 8.8, —CH of
—S0,CH,—), 7.15-7.12 (3H, m, —CH of phenyl), 7.06-
7.02 (3H, m, —CH of phenyl), 7.00 (2H, d, J 8.6, —CH of
—C¢H,OCH,), 6.94-6.88 (4H, m, —CH of phenyl), 6.80
(2H, d, J 8.6, —CH of —C H,OCHy,), 6.70 (2H, d, J 8.8,
—CH of —S0,C4H,—), 6.26 (1H, br s, —NHTs), 4.22 (1H,
d, J 8.0, —CHNHTs), 4.11-4.08 (2H, m, —C;H,—
OCH,CH,0—), 385 (2H, t J 50, —CH,—
OCH,CH,0—), 3.78 (3H, s, —OCHs,), 3.74-3.72 (2H, m,
—OCH,CH,0—CH,CH,OEt), 3.70-3.68 (2H, m,
—OCH,CH,0—CH,CH,OEt), 3.67-3.64 (2H, m,
—OCH,CH,0—CH,CH,0E), 3.60-3.56 (3H, m, —CHNH
(CH,);—,—OCH,CH,0—CH,CH,0FEt),3.52 (2H,q,J1 7.2,
—OCH,CH,), 2.54-2.40 (3H, m, —NH—CHHCH,CH,—),
2.32-2.25 (1H, m, —NH—CHHCH,CH,—), 1.73-1.61 (2H,
m, —NH—CH,CH,CH,—), 145 (1H, br s, —NH
(CH,);—), 1.20 3H, t, J 7.2, —OCH,CH,); d¢ (100 MHz,
CDCl;) 161.59 (C), 157.72 (C), 139.26 (C), 138.26 (O),
133.78 (C), 131.86 (C), 129.17 (2CH), 129.12 (2CH), 128.28
(2CH), 127.90 (2CH), 127.55 (2CH), 127.46 (CH), 127.35
(2CH), 127.28 (CH), 114.20 (2CH), 113.73 (2CH), 70.88
(CH,), 70.71 (CH,), 70.62 (CH,), 69.79 (CH,), 69.41 (CH,),
67.73 (CH), 67.68 (CH,), 66.61 (CH,), 63.04 (CH), 55.22
(OCH,), 46.42 (CH,), 32.33 (CH,), 31.68 (CH,), 15.13
(CH,); m/z ESI-MS [M+H]* 677.3; HRMS found 677.3254
(C55H,sN,O,S H+ requires 677.3255, error=0.3 ppm).

{4-(2-(2-(2-Ethoxyethoxy)ethoxy)ethoxy)-N-((1R,
2R)-2-(3-(4-methoxyphenyl)propylamino)-1,2-
diphenylethyl)benzenesulfonamide} -ruthenium chlo-
ride SRC 1221/1238/1303

0] OMe
O
%
\NH
R +
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Compound C;H,N,O.S (0.203 g, 0.300 mmol, 1.0 eq)
and [RuCl,(C.H,,0,)], (0.097 g, 0.150 mmol, 0.5 eq) were
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dissolved in dry DCM (15 mL) under N, and stirred at room
temp for 30 min to give a brick red solution. The mixture was
concentrated on a rotavapor to give dark orange residue. To
this, chlorobenzene (20 mL) was added and mixture heated at
90° C. for 6 h. The reaction mixture was cooled to room
temperature and concentrated to give a dark brown residue.
The solid was scratched in diethyl ether, filtered and dried to
give a dark brown solid. The solid was purified by column
chromatography over Florisil using DCM:MeOH (97:3 to
86:14) to give the compound as a brown solid. The solid was
recrystallized from MeOH to give pure complex as orange
brown solid (0.075 g, 0.092 mmol, 30%). Mp decomposi-
tion>180° C.; [a] ,>*=+646.7 (¢ 0.003 in CHCL,); v,,,,. 3191,
3059,3027,2865,1725,1594,1536, 1510, 1494, 1453, 1248,
1124, 1081, 1038, 1011, 938, 906, 815, 801.698 cm™"; 3,
(400 MHz, CDCl;) 7.31 (2H, d, J 86, —CH of
—S0,C¢H,—), 7.17-7.06 (3H, m, —CH of phenyl), 6.85-
6.74 (3H, m, —CH of phenyl), 6.68-6.64 (2H, m, —CH of
phenyl), 6.55 (2H, d, J 7.2, —CH of phenyl), 6.46 (2H, d, J
8.6, —CH of —SO,C;H,—), 5.55 (1H, d, J 4.2, —CH of
Ru—Ar), 5.47 (1H, d, T 4.2, —CH of Ru—Ar), 5.34 (1H, d,
J5.4,—CHofRu—Ar),5.26 (1H, d,J 5.4,—CH of Ru—Ar),
430(1H,d,J10.8, —CHNTs), 4.06-3.94 (6H, m,—C H,—
OCH,CH,0—,—O0OCH,, —NH(CH,);—), 3.81 (2H,t,74.8,
—C4H,—OCH,CH,0—), 3.72-3.65 (6H, m,
—OCH,CH,0—CH,CH,OEt), 3.61-3.57 (2H, m,
—OCH,CH,0—CH,CH,OEt, —CHNH(CH,);—), 3.52
(2H, q, J 7.0, —OCH,CH,), 2.82-2.72 (1H, m, —NH—

CHHCH,CH, ), 251237 (H, m, —NH -
CHHCH,CHH ), 233-227 (2H, m, —NH -
CH,CH,CHH—), 2.17-196 (H, m, —NH -

CH,CH,CH,—), 1.20 (31, t, 7 7.0, —OCH,CH,); d¢ (100
MHz, CDCL,) 158.92 (C), 139.06 (C), 138.65 (C), 136.28
(C), 134.60 (C), 128.75 (2CH), 128.62 (6CH), 128.31 (CH),
126.92 (2CH), 126.16 (CH), 113.12 (2CH), 91.10 (C), 84.65
(CH), 81.49 (CH), 78.56 (CH), 72.15 (CH), 7.77 (CH,),
70.66 (CH,), 70.58 (CH,), 69.76 (CH,), 69.55 (CH,), 68.91
(CH), 67.40 (CH,), 66.59 (CH,), 65.52 (CH), 56.76 (OCHS,),
4936 (CH,), 30.22 (CH,), 2730 (CH,), 15.12 (CH,); m/z

ESI-MS [M-CI]* 777.1; HRMS found 777.2163
(C35H4,N,O,.RuS—Cl+ requires 777.2151, error=-2.0
ppm).

(1R,2R)-N,N-Bis(3-(4-methoxyphenyl)propyl)-1,2-
diphenylethane-1,2-diamine

To a nitrogen purged, dried flask was added 3-(4-methox-
yphenyl)propan-1-ol (416 mg, 2.50 mmol) was added 2,6-
lutidine (321 mg, 3.00 mmol) and anhydrous DCM (5 cm®).
The solution was cooled to 0° C. and to it as added a solution
of Tf,O (759 mg, 2.70 mmol) in anhydrous DCM (1 cm®).
The reaction was stirred at 0° C. for 30 min and then at room
temperature for 60 min. After this the reaction was again
cooled to 0° C. and to it was added a solution of (R,R)-DPEN
(212 mg, 1.00 mmol) and Et;N (354 mg, 3.5 mmol) in anhy-
drous DCM (1 cm?). The reaction was stirred at 0° C. for 30
min and then at room temperature overnight. After this DCM
was added and the reaction washed with saturated NaHCO,
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solution (aq). (3x10 cm?). The organic phase was dried over
Na,SO,, filtered and the solvent removed under reduced pres-
sure to leave the crude as a yellow oil. The crude product was
purified by column chromatography (silica gel, 0-50%
EtOAc in petroleum ether, TLC: silica gel, 30% EtOAc in
petroleum ether, product Rf=0.18 visualisation by UV and
KMnO,, 2,6-lutidine Rf=0.38 visualisation by UV, 2,6-luti-
dine elutes before product) to give the product as a white solid
(326 mg, 0.64 mmol, 64% based on (R,R)-DPEN). [a],>%+
4.4 (¢ 0.5 in CHCl,) (R,R); (found (ESI): M*+H, 509.3164
C,,H,,N,O, requires M, 509.3163); v, .. 2931, 2834, 1510,
1452, 1243, 1035, 830, 810, 731, 698, cm™; 8, (300 MHz,
CDCl,) 7.17-7.12 (6H, m, CHAr), 7.07-7.02 (8H, m, CHAr),
3.77 (6H, s, CH,), 3.63 (2H, s, CHN), 2.57-2.36 (8H, m,
ArCH, and CH,NH overlapping), 1.79-1.69 (4H, m,
CH,CH,CH,N); 9. (75 MHz, CDCl,) 157.06 (2 CAr),
141.00 (2 CAr), 133.76 (2 CAr), 128.67 (4 CHAr), 127.32 (4
CHAr), 127.28 (4 CHAr), 126.22 (2 CHAr), 113.09 (4
CHAr), 68.66 (2 CH), 54.65 (2 CH,), 46.45 (2 CH,),31.97 (2
CH,), 31.44 (2 CH,); m/z (ESI) 509.3 (M"+1).

Cationic Tethered Ruthenium Complex (‘Cationic Com-

plex’)
Ph OMe
JoRt a1 |
H 2
Ph
MeO

|

RuCl,

OMe

MeO

This compound was prepared according to the general
method using (1R,2R)-N,N-Bis(3-(4-methoxyphenyl)pro-
pyD)-1,2-diphenylethane-1,2-diamine (200 mg, 0.40 mmol),
ethylbenzoate ruthenium(Il)chloride dimer (129 mg, 0.20
mmol), DCM (10.3 cm?®) and chlorobenzene (26.7 cm?). It
was only necessary to stir the reaction in chlorobenzene at 90°
C. for 1 hour before complete consumption of the ligand was
observed by TL.C. The crude product was purified by column
chromatography (silica gel, 0-30% MeOH in DCM, TLC:
silica plate, 5% MeOH in DCM, visualisation in natural light,
product Rf=0.48 yellow) to give the product as a yellow/
orange solid (158 mg, 0.24 mmol, 60%). Mp 85° C.; [a],>*+
210 (¢ 0.01 in CHCL,) (R,R); (found (ESI): M*, 645.1820.
C;,H,,CIN,O,Ru requires M, 645.1822); v,,.. 3059, 2928,
1511, 1454, 1244,1177, 1029, 1005, 805, 763, 701 cm™; 8,
(400 MHz, CDCl,) 8.72 (1H, br s, NH), 7.96 (1H, br s, NH),
7.12-7.06 (6H, m, CHAr), 6.86-6.81 (4H, m, CHAr), 6.75-
6.68 (4H, m, CHAr), 5.69-5.67 (1H, m, CHAr—Ru), 5.45-
5.43 (1H, m, CHAr—Ru), 5.18-5.16 (1H, m, CHAr—Ru),
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5.10-5.09 (1H, m, CHAr—Ru), 4.39 (1H, br s, CHNH), 3.95-
3.86 (1H, m, CHNH), 3.60 (3H, s, CH;OAr—Ru), 3.05-3.02
(2H, m, CH,), 2.87 (2H, br s, CH,), 2.33-2.30 (4H, m, CH,),
2.17 (3H, s, CH,0Ar(CH,);N), 1.91 (1H, br s, CH,), 1.72-
1.59 (3H, m, CH,); 3. (100 MHz, CDCl,) 157.67 (CAr),
137.78 (CAr), 136.34 (CAr), 135.04 (CAr), 134.73 (CAr),
132.78 (CAr), 129.07 (2 CHAr), 129.00 (2 CHAr), 128.93 (2
CHAr), 128.76 (CHAr), 128.56 (2 CHAr), 128.26 (2 CHAr),
127.52 (CHAr), 113.65 (2 CHAr), 100.47 (CAr—Ru), 86.98
(CAr—Ru), 86.75 (CHAr—Ru), 75.53 (CHAr—Ru), 71.31
(CHAr—Ru), 70.10 (CHAr—Ru), 66.97 (CH), 56.69 (CH),
55.24 (CH,), 53.38 (CH,), 32.31 (CH,), 31.82 (CH,), 30.12
(CH,), 30.09 (CH,), 29.14 (CH,), 27.74 (1C, s); m/z (ESI)
645.2 (M™). Asymmetric reduction with this complex gave no
reduction in FA/TEA, or pressure hydrogenation however it
was active using sodium formate in aqueous solution (Table
3).

N-(2-(Biphenyl-2-yl)methylamino)ethyl)-4-methyl-
benzenesulphonamide

TsHN.
~ N g

To biphenylcarboxaldehyde (182 mg, 1.00 mmol) was
added activated molecular sieves (1 g) and anhydrous MeOH
(6 cm®). To this was added TsEN (246 mg, 1.10 mmol) and
acetic acid (50 uL.). The reaction was stirred at room tempera-
ture for S hours and then NaBH;CN (251 mg, 4.00 mmol) was
added and the reaction stirred at room temperature overnight.
After this the reaction was filtered and the solid washed with
DCM. The filtrate and DCM washings were combined and
dried under reduced pressure. The residue was then dissolved
in anhydrous DCM and washed with 1M NaOH (aq) solution.
The DCM phase was separated, dried over Na,SO,, filtered
and the solvent removed under reduced pressure to give the
product as a pale yellow viscous oil (134 mg, 0.35 mmol,
70%). Purification was not necessary. (found (ESI): M*+H,
381.1632 C,,H,.N,O,S requires M, 381.1631); v, . 3272,
2858, 1477, 1450, 1322, 1155, 1091, 814, 775, 750, 703
em™'; 8, (300 MHz, CDCly) 7.67 (2H, d I, 8.1 Hz,
SO,CHAr), 7.43-7.11 (13H, m, CHAr and NH overlapping),
3.58 (2H, s, ArCH,N), 2.84 (2H, dd J, 6.5 and 4.8 Hz,
CH,NHSO,), 2.50 (2H, dd J, 6.5 and 4.8 Hz, CH,NH), 2.40
(3H, s, CH,); 8, (75 MHz, CDCl,) 142.64 (CAr), 141.24
(CAr), 140.53 (CAr), 136.39 (CAr), 136.22 (CAr), 129.57
(CHAr), 129.04 (2 CHAr), 128.50 (CHAr), 128.27 (2 CHAr),
127.68 (2 CHAr), 126.95 (CHAr), 126.62 (CHAr), 126.55
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(CHATr), 126.49 (2 CHAr), 50.06 (CH,), 46.65 (CH,), 41.60
(CH,), 20.92 (CH,); m/z (ESI) 381.0 (M*+1).

{N-(1R,2R)-[2-(biphenyl-2-yl)methylamino |ethyl-4-
methylbenzenesulfonamide } ruthenium chloride SRC
1301 a (2) (“‘Achiral Bn’ Complex)

RuCl,

Diamine C,,H,,N,0,S (0.450 g, 1.184 mmol, 1.0 eq) and
[RuCl,(CsH, ,0,)], (0.381 g, 0.592 mmol, 0.5 eq) were dis-
solved in dry DCM (40 mL) under N, and stirred at room
temp for 30 min to give a brick red solution. The mixture was
concentrated on a rotavpor to give a dark orange residue. To
this, chlorobenzene (60 mL) was added and mixture heated at
140° C. for 5.5 h. The reaction mixture was cooled to room
temperature and concentrated to give a dark brown residue.
The solid was scratched in diethyl ether, filtered and dried to
give a dark brown solid. The solid was purified by column
chromatography over Florisil using DCM:MeOH (95:5 to
86:14) to give compound as a brown solid. The solid was
recrystallized using a mixture of MeOH and Et,O to give pure
complex as brown solid (0.105 g, 0.203 mmol, 14%). Mp
decomposition>184°C.; v, . 3059, 2922, 2855, 1596, 1480,
1439, 1260, 1182, 1129, 811, 747, 704, 659 cm™"; 3, (600
MHz, CDCl,) 7.74 (2H, d, 1 6.9, m-CH of —SO,C H,CH,),
7.52-7.40 (4H, m, —CH of phenyl), 7.16 (2H, d, J 6.9, 0-CH
of —S0O,C,H,CHs,), 6.67 (1H, br s, —CH of Ru—Ar), 5.81
(1H, br s, —CH of Ru—Ar), 5.68 (1H, br s, —CH of
Ru—Ar), 5.28 (1H, br s, —CH of Ru—Ar), 5.25 (1H, br s,
—CH of Ru—Ar), 4.78 (1H, br d, —CH,—NH—CHH—
CeH,—),4.49 (1H, brs, —CHNH—CH,—), 4.28 (1H, br d,
—CH,—NH—CHH—CH,—), 3.07 (1H, br d, —NHTs-
CHH—), 2.59 (1H, br s, —CHH—NH—CH,—CH,—),
2.33 (4H, br s, —NHTs-CHH—, —CH,), 2.14 (1H, br s,
—CHH—NH—CH,—CH,—); dc (150 MHz, CDCl,)
140.49 (C), 140.40 (C), 134.69 (C), 132.36 (C), 131.24 (CH),
129.81 (CH), 129.74 (CH), 129.37 (CH), 128.66 (2CH),
127.13 (2CH), 93.04 (C), 92.28 (CH), 90.62 (CH), 81.27
(CH), 78.90 (CH), 77.47 (CH), 57.75 (CH,), 55.43 (CH,),
48.25 (CH,), 21.31 (CH;); m/z ESI-MS [M-CI]* 480.9;
HRMS found 481.0524 (C,,H,;N,0,SRu—Cl+ requires
481.0523, error=-0.7 ppm).

Asymmetric Hydrogenation Procedures:

ATH in Water:

Catalyst (0.01 mmol) was placed in a Schlenk tube under
an inert atmosphere followed by HCOONa (0.340 g, 5.0
mmol) and H,O (1 mL). The mixture was degassed three
times and to this solution ketone (1 mmol) was added fol-
lowed by degassing 2 times. The mixture was stirred at 60° C.
The reaction was monitored by chiral GC. For chiral GC
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analysis, the sample from the reaction mixture was diluted
with Et,O and H,O. The organic layer was separated, filtered
through a short column of silica using hexane:EtOAc (1:1).
The filtrate was analysed by chiral GC. After completion of
the reaction, the reaction mixture was diluted with H,O and
extracted with Et,O (2x5 mL). The organic layers were com-
bined, dried over anhy. Na,SO,, filtered and concentrated to
give crude compound. The crude compound was purified by
flash column chromatography to give pure product.

Recycling of Catalyst Using Hexane/Pet.Ether/n-Pentane:

Catalyst (0.01 mmol) was placed in a Schlenk tube under
an inert atmosphere followed by HCOONa (0.340 g, 5.0
mmol) and H,O (1 mL). The mixture was degassed three
times and to this ketone (1 mmol) was added followed by
degassing 2 times. The mixture was stirred at 60° C. The
reaction was monitored by chiral GC. For chiral GC analysis,
the sample from the reaction mixture was diluted with Et,O
and H,O. The organic layer was separated and filtered
through a short column of silica using hexane:EtOAc (1:1).
The filtrate was analysed by chiral GC. After completion of
the reaction, the reaction mixture was cooled to room tem-
perature and diluted with hexane/pet.ether/n-pentane (2 mL).
The organic layers were separated and this process was
repeated again two times with hexane/pet.ether/n-pentane (2
mL). During this process, the catalyst separated out as brown
solid. The mixture was degassed two times followed by addi-
tion of HCOOH (1 mmol). To this mixture ketone (1 mmol)
was added and stirred at 60° C. and the second cycle of the
reaction was followed by chiral GC analysis.

Asymmetric Transfer Hydrogenation in FA:

TEA: To a mixture of catalyst (0.002 mmol) in FA:TEA
(5:2) (1.0 mL) was added ketone (2.0 mmol) and the mixture
was stirred at 60° C. for 24 h under an inert atmosphere. The
reaction was monitored by TLC. After 24 h, the reaction
mixture was diluted with EtOAc and sat. NaHCO, soln. The
organic layer was separated, washed with H,O, dried over
anhy. Na,SO,, filtered and concentrated to give a brown
residue. The crude compound was analysed by "H-NMR to
give the conversion.

Data for the Reduction Products

(R)-1-Phenylethanol SRC 1237

i e)
]

8,7 (300 MHz, CDCl,) 7.38-7.24 (5H, m, Ph), 4.87 (1H, q,
J 6.5, —CH), 2.07 (1H, br s, —OH), 1.48 (3H, d, J 6.5,
—CHa,); 8, (75 MHz, CDCl;): 145.20, 127.90 (2C), 126.87,
124.78 (2C), 69.81, 24.55; the enantiomeric excess and con-
version determined by GC analysis (CP-Chirasil-DEX CB 25
mx0.25 mmx0.25 pm, T=110° C., P=18 psi, He gas) Ketone
6.56 min, R isomer 14.61 min, S isomer 16.50 min; [.] ,2%=
+58.1 (¢ 0.730 in CHCl,) for 97% ee [lit. value [a] ;> "=+54.9
(c 1.0 in CHCl,) 96% ee (R)]™.
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J. Hannedouche, G. Clarkson and M. Wills, J. Am. Chem.
Soc., 2004, 126, 986-987.

(S)-1-Cyclohexylethanol SRC 1194/1196

OH

d;, (300 MHz, CDCl,) 3.58-3.50 (1H, m, CHOH), 1.87-
1.65 (5H, m, cyclohexyl), 1.50 (1H, br s, —OH), 1.33-1.18
(4H, m, cyclohexyl), 1.15 (3H, d, J 6.3, —CH;), 1.10-0.89
(2H, m, cyclohexyl); 8. (75 MHz, CDCl,): 72.22 (CH),
45.08, 28.67, 28.32, 26.48, 26.19, 26.0, 20.35 (CH,); the
enantiomeric excess determined by GC analysis of acetate
derivative (CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm,
T=100° C., P=18 psi, He gas) S isomer 13.80 min, R isomer
18.64 min; [a],>%=+3.03 (c 0.560 in CHCl,) for 85% ee [lit.
value [a] ;*2=+2.7 (¢ 0.5 in CHCL,) 75% ee (R)]".

G. Li and G. W. Kabalka, Journal of Organometallic
Chemistry, 1999, 581 (1-2), 66-69.

(R)-1-Phenyl-1-propanol SRC 1240

Me)
]

d,, (400 MHz, CDCl,) 7.36-7.25 (SH, m, Ph), 4.58 (1H, t,
J 6.4, —CH), 2.03 (1H, br s, —OH), 1.87-1.68 (2H, m,
—CH,), 1.48 (3H, d, ] 7.4, —CH,); 8. (100 MHz, CDCl,):
144.55, 128.36 (2C), 127.46, 125.94 (2C), 75.99, 31.84,
10.11; the enantiomeric excess and conversion determined by
GC analysis (CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm,
T=115° C., P=18 psi, He gas) Ketone 8.48 min, R isomer
19.39 min, S isomer 21.00 min; [at],**=+53.6 (¢ 0.750 in
CHCL,) for 98% ee (R) [lit. value [a],>°=-47.2 (c 0.65 in
CHCl,) 99% ee (S)I™.

Nakamura, K; Matsuda, T. J. Org. Chem. 1998, 63, 8957-
8964.

(R)-1-Tetralol SRC 1241

e)
]

8, (400 MHz, CDCl,) 7.47-7.37 (1H, m, —CH of Ph),
7.22-7.05 (3H, m, —CH of Ph), 4.78 (1H, br s, —CH),
2.80-2.65 (2H, m, —CH,), 2.03-1.74 (5H, m, — CHOH —
CH,CH,); (100 MHz, CDCL,): 138.77, 137.09, 128.99,
128.62,127.56, 126.16, 68.14, 32.24, 29.21, 18.75; the enan-
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tiomeric excess and conversion determined by GC analysis
(CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm, T=120° C.,
P=18 psi, He gas) Ketone 24.70 min, S isomer 44.00 min, R
isomer 45.12 min; [a],,>*~-30.5 (¢ 1.000 in CHCL,) for 97%
ee (R) [lit. value [a] ,=+34.4 (¢ 1.01 in CHCl,) 98% ee (S)]".

Palmer, M.; Walsgrove, T.; Wills, M. J. Org. Chem. 1997,
62, 5226-5228

(R)-1-(4-Chlorophenyl)ethanol SRC 1243

mmQ
s

Cl

d, (400 MHz, CDCl,) 7.30 (4H, br s, —CH of Ph), 4.86
(1H,t,J6.4,—CH), 2.00 (1H, brs,—OH), 1.48 (3H,d, ] 6.4,
—CH,); 8, (100 MHz, CDCl,): 144.19, 133.00, 128.55 (20),
126.75 (2C), 89.69, 25.23; the enantiomeric excess and con-
version determined by GC analysis (CP-Chirasil-DEX CB 25
mx0.25 mmx0.25 pm, T=150° C., P=18 psi, He gas) Ketone
4.48 min, R isomer 7.75 min, S isomer 8.56 min; [a],>%=
+45.0 (¢ 0.840 in CHCL,) for 95% ee (R) [lit. value [a] )=+
38.6 (¢ 1.01 in CHCl;) 88% ee (R)T".

M. Locatelli, P. G. Cozzi. Angew. Chem. Int. Ed, 2003, 42,
4928-4930.

(R)-1-(4-Methoxyphenyl)ethanol SRC 1242

i e)
]

MeO

8, (300 MHz,CDCl,)7.30 (2H, d,J 8.7, —CH of Ph), 6.88
(2H, d, J 8.7, —CH of Ph), 4.85 (1H, t, ] 6.4, —CH), 3.80
(3H, s, —OCH,), 1.88 (1H, br s, —OH), 1.48 (3H, d, J 6.4,
—CH,); 8, (75 MHz, CDCl,): 158.92, 137.94, 126.63 (2C),
113.79 (2C), 69.96, 55.25, 24.98; the enantiomeric excess
and conversion determined by GC analysis (CP-Chirasil-
DEX CB 25 mx0.25 mmx0.25 um, T=115° C., P=18 psi, He
gas) Ketone 13.20 min, R isomer 18.04 min, S isomer 19.81
min; [a] ,2%2=+47.4 (¢ 0.610 in CHCI,) for 97% ee (R) [lit.
value [a] ,2"=+32.3 (c 1.0 in CHCL,) 90% ee (R)]".

J. Hannedouche, G. Clarkson, M. Wills, J. Am. Chem. Soc.
2004, 126, 986-987.

(R)-1-(3-Methoxyphenyl)ethanol SRC 1245

te)
]

MeO.
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8, (300 MHz, CDCl,) 7.26 (1H, t, J 8.1, —CH of Ph),
6.95-6.93 (2H, m, —CH of Ph), 6.81 (1H, ddd J 8.1, 2.4, 0.9,
—CHofPh),4.86 (1H,t,J6.3,—CH),3.81 (3H, s,—OCHS,),
1.94 (1H, br s, —OH), 1.48 (3H, d, T 6.3, —CHs,); 3. (75
MHz, CDCl,): 159.72, 147.56, 129.50, 117.63, 112.84,
110.83, 70.30, 55.19, 25.11; the enantiomeric excess and
conversion determined by GC analysis (CP-Chirasil-DEX
CB 25 mx0.25 mmx0.25 pm, T=140° C., P=18 psi, He gas)
Ketone 6.45 min, R isomer 11.75 min, S isomer 12.69 min;
[a]5>%=+38.06 (¢ 0.670 in CHCI,) for 97% ee (R) [lit. value
[a],**=+31.8 (c 2.0 in CHCL,) 94% ee (R)]™.

F. Wang, H. Liu, L. Cun, J. Zhu, J. Deng, Y. Jiang. J. Org.
Chem. 2005, 70, 9424-9429.

(R)-1-(2-Methoxyphenyl)ethanol SRC 1246

OMe

OH

d,, (400 MHz, CDCl,) 7.34 (1H, dd, J 7.2, 1.2, —CH of
Ph), 7.26-7.22 (1H, m, —CH of Ph), 6.96 (1H, 1, J 7.4, —CH
of Ph), 6.88 (1H, brd, J 8.0, —CH of Ph), 5.09 (1H, t, ] 6.4,
—CH), 3.85 (3H, s, —OCH,), 2.72 (1H, br s, —OH), 1.50
(3H,d,J6.4,—CH,); 8. (100 MHz, CDCl,): 156.52, 133.37,
128.26, 126.06, 120.76, 110.40, 66.51, 55.22, 22.80; the
enantiomeric excess and conversion determined by GC
analysis (CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm,
T=150° C., P=18 psi, He gas) Ketone 4.66 min, S isomer 6.59
min, R isomer 6.89 min; [at] ,**=+26.5 (¢ 1.200 in CHC],) for
96% ee (R) [lit. value [at] ,2°=+32.3 (¢ 2.0 in CHCI,) 94% ee
®T.

T. S. Kaufman, Tetrahedron Lett. 1996, 37, 5329-5332.

(R)-1-(1-Naphthyl)ethanol SRC 1247

HOI” ',
4

d,, (400 MHz, CDCl,) 8.10 (1H, d, J 8.4, —CH of naph-
thyl), 7.86 (1H, dd, I 7.2, 2, —CH of naphthyl), 7.76 (1H, d,
J 8.4, —CH of naphthyl), 7.76 (1H, d, J 7.2, —CH of naph-
thyl), 7.53-7.44 (3H, m,—CH of naphthyl), 5.65 (1H, q, J 6.4,
—CH), 2.08 (1H, brs,—OH), 1.65 (3H, d, ] 6.4, —CH,); 3~
(100 MHz, CDCl,): 141.30, 133.77, 130.24, 128.86, 127.90,
126.00, 125.51, 125.49, 123.12, 121.95, 67.09, 24.30; the
enantiomeric excess and conversion determined by GC
analysis (CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm,
T=160° C., P=18 psi, He gas) Ketone 10.37 min, S isomer
21.01 min, R isomer 22.40 min; [c] ,>>=+60.3 (¢ 0.910 in
CHCI,) for 99% ee (R) [lit. value [a] ,=+67.3 (¢ 0.4 in
CHCI,) 100% ee (R)]".
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H. Ziffer, K. Kawai, M. Kasai, M. Imuta, C. Froussios. J.
Org. Chem. 1983, 48, 3017-3021.

(R)-1-(2-Naphthyl)ethanol SRC 1248

d;7 (400 MHz, CDCly) 7.87-7.73 (4H, m, —CH of naph-
thyl), 7.54-7.40 (3H, m, —CH of naphthyl), 5.04 (1H, t,J 6.4,
—CH), 1.98 (1H, br s,—OH), 1.48 (3H, d, ] 6.4, —CHS,); 3~
(100 MHz, CDCl,): 143.15, 133.29, 132.89, 128.28, 127.90,
127.64,126.11, 125.76, 123.78 (2C), 70.49, 25.10; the enan-
tiomeric excess and conversion determined by GC analysis
(CP-Chirasil-DEX CB 25 mx0.25 mmx0.25 pm, T=150° C.,
P=18 psi, He gas) Ketone 18.92 min, R isomer 30.87 min, S
isomer 33.38 min; [a],>*=+46.4 (¢ 0.850 in CHCL,) for 97%
ee (R) [lit. value [a],>>=+46.7 (¢ 1.02 in CHCL,) 92% ee
®)T"

Y. Ma, H. Liu, L. Chen, X, Cui, J. Zhu, J. Deng. Org. Lett.
2003, 5, 2103-2106.

te)
]

(S)-1-Phenyl-2-chloroethanol SRC 1249

Me)
]

Cl

8, (400 MHz, CDCl,) 7.39-7.31 (SH, m, Ph), 4.89 (1H, m,
—CHOH), 3.74 (1H, dd, J 11.4, 3.6, —CHHCI), 3.64 (1H,
dd,J11.4,8.6,—CHHCI),2.69 (1H,d, J3.2,—OH); (100
MHz, CDCl,): 139.86, 128.65 (2C), 128.43, 126.02 (20),
74.03, 50.88; the enantiomeric excess and conversion deter-
mined by GC analysis (CP-Chirasil-DEX CB 25 mx0.25
mmx0.25 um, T=150° C., P=18 psi, He gas) Ketone 6.96 min,
R isomer 9.00 min, S isomer 9.60 min; [a],>*=+61.8 (c 0.810
in CHCL,) for 95% ee (S) [lit. value [a],**=+53.8 (c 1.0 in
CHCl,) >99% ee (S)I™.

D. Zhu, C. Mukherjee, L. Hua. Tetrahedron: Asymmetry,
2005, 16, 3275-3278.

(R)-1-(4-Trifluoromethylphenyl)ethanol SRC 1250

te)
]

FsC

8;7(300 MHz, CDCl,)7.60 (2H, d, 18.0, —CHof Ph), 7.48
(2H,4d,77.9,—CHofPh),4.95 (1H,t,76.4,—CH),2.11 (11,
brs,—OH), 1.49 3H, d,76.4,—CH,); 8 (75 MHz, CDCls):
149.65, 125.93, 125.62 (2C), 125.41 (2C, q, *I .5 4.3 Hz),
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122.33,69.80, 25.36; the enantiomeric excess and conversion
determined by GC analysis (CP-Chirasil-DEX CB 25
mx0.25 mmx0.25 pm, T=120° C., P=18 psi, He gas) Ketone
5.02 min, R isomer 13.92 min, S isomer 17.19 min; [c] ,*°=+
32.5 (¢ 0.690 in CHCL,) for 94% ee (R) [lit. value [ct] ,**=+
29.3 (¢ 1.0 in CHCl;) >99% ee (R)]".

D. Zhu, Y. Yang, L. Hua, J. Org. Chem. 2006, 71, 4202-
4205.

(R)-1-(2-Trifluoromethylphenyl)ethanol SRC 1251

d,, (300 MHz, CDCl,) 7.82 (1H, br d, J 7.8, —CH of Ph),
7.61-7.56 (2H, m, —CH of Ph), 7.36 (1H, t,J 7.5, —CH of
Ph), 5.37-5.29 (1H, m, —CH), 2.03 (1H, br d, —OH), 1.48
(3H, d,J 6.6, —CH.,); 8. (75 MHz, CDCl,): 144.99, 132.36,
127.32, 127.06, 126.15, 125.27 (q, *J..» 6.1 Hz), 122.52,
65.64, 25.40; the enantiomeric excess and conversion deter-
mined by GC analysis (CP-Chirasil-DEX CB 25 mx0.25
mmx0.25 pum, T=110° C., P=18 psi, He gas) Ketone 5.30 min,
R isomer 16.74 min, S isomer 19.44 min; [a],,>°=+34.78 (c
1.11 in CHCI3) for 69% ee (R) [lit. value [a] ,*=-45.4 (c
0.661 in MeOH) 97% ee (S)I™.

Nakamura, K.; Matsuda, T. J. Org. Chem. 1998, 63, 8957.

(R)-1-(4-Aminophenyl)ethanol SRC
1254/1256/1261

nnd
s

H,N

d,,(300 MHz, CDCl;)7.16 (2H, d, 1 8.6,—CH of Ph), 6.66
(2H,d,J8.6,—CH ofPh),4.78 (1H,t,J 6.4,—CH),3.61 (2H,
br s, —NH,), 1.80 (1H, br s, —OH), 1.45 (3H, d, T 6.4,
—CHa,); 8 (75 MHz, CDCl,): 145.75, 135.89, 126.61 (2C),
115.03 (2C), 70.08, 24.75; the enantiomeric excess deter-
mined by chiral HPLC analysis (ChiralPak OD-H Column:
0.46 cmx25 cm, hexane:IPA 80:20, 1.0 mL/min, 239 nM, 30°
C.) R, (min)=18.61 (R isomer), 28.76 min (S isomer);
[a]p2*=+43.07 (c0.570 in MeOH) for 95.5% ee (R) [lit. value
[a] 527=+52.0 (¢ 0.54 in MeOH) 99% ee (R)]".
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T. Ohkuma, M. Koizumi, H. Doucet, T. Pham, M. Kozawa,
K. Murata, E. Katayama, T. Yokozawa, T. Ikariya, R. Noyori.
J. Am. Chem. Soc., 1998, 120, 13529-13530.

(R)-1-[(4'-Dimethylamino)phenyl]ethanol SRC
1258/1260

Me)
]

MezN

d;;(400 MHz,CDCl,)7.25 (2H, d,J 8.7, —CH 0fPh), 6.72
(2H,d,J8.7,—CHofPh),4.81 (1H,t,J6.4,—CH), 2.93 (6H,
s, N(CH;),), 1.78 (1H, br s, —OH), 1.47 (3H, d, J 6.4,
—CH,); 8, (100 MHz, CDCl,): 150.17,133.17,126.41 (2C),
112.57 (2C), 70.10, 40.67 (2C), 24.64; the enantiomeric
excess determined by chiral HPLC analysis (ChiralPak
OD-H Column: 0.46 cmx25 cm, hexane:IPA 95:5, 1.0
ml/min, 256 nM, 30° C.) R, (min)=15.21 (R isomer), 17.15
min (S isomer); [a] ;> "=+54.2 (¢ 0.710 in CHCI,) for 91% ee
(R) [lit. value [a] ,>°=+51.8 (c 21.0 in CHCl,) 86% ee (R)T".

T. Inagaki, L.. T. Phong, A. Furuta, J. Tto, H. Nishiyama.
Chem. Eur. J. 2010, 16, 3090-3096

Polymer-Supported Catalysts

N-((1R,2R)-2-(3-(4-(Hex-5-ynyloxy)phenyl)propy-
lamino)-1,2-diphenylethyl)-4-methylbenzenesulfona-
mide

\

h

Ny

HN—
_>< o

TsN

This compound was prepared according to general proce-
dure 5 using 3 ethyl-3-(4-(hex-5-ynyloxy)phenyl)propan-1-
ol (400 mg, 1.72 mmol), 2,6-lutidine (353 mg, 3.30 mmol),
trifluoromethanesulfonic anhydride (787 mg, 2.80 mmol),
(R,R)-TsDPEN (403 mg, 1.10 mmol), Et;N (263 mg, 2.60
mmol) and DCM (8 cm?). The product was purified by col-
umn chromatography as in the general procedure. TLC: silica
gel, 30% EtOAc in petroleum ether, product Rf=0.36 with
visualisation by UV and KMnO,, 2,6-lutidine Rf=0.29 with
visualisation by UV, 2,6-lutidine elutes with the product). The
fractions containing the product were collected, combined
and dried under reduced pressure to give a white solid. The
solid was then washed with pentane to remove residual 2,6-
Iutidine. The mixture was filtered and the solid dried to give
the product as a white solid (524 mg, 0.900 mmol, 82% based
on 403 mg, 1.1 mmol N-(2-aminoethyl)-4-methylbenzene-
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sulfonamide)). Mp 123-124° C.; [a],>"-25.2 (c 0.25 in
CHCL,) (R,R); (found (ESI): M*+H, 581.2833 C, ,H,,N,0O,S
requires M, 581.2832); v, 3286, 3248, 2915, 1510, 1454,
1434, 1316, 1242, 1160, 1031, 808, 700 cm™"; 3, (400 MHz,
CDCl,) 7.37 (2H, d, J 8.5 Hz, CHArSO,), 7.13-7.11 (3H, m,
CHAr), 7.05-6.88 (12H, m, CHAr and NHSO, overlapping),
6.78 (2H, d, J 8.5 Hz, CHArSO,), 6.28 (1H, br s, NH), 4.25
(1H, d, J 7.8 Hz, CHNSO,), 3.95 (2H, t, J 5.0 Hz, CH,OAr),
3.59 (1H, d, J 7.8 Hz, CHN), 2.51-2.38 (3H, m, ArCH, and
CHL,N overlapping), 2.31 (3H, s, CH;), 2.29-2.24 (3H, m,
HCCCH, and CH,N overlapping), 1.96 (1H, t, J 2.6 Hz,
HCCCH,), 1.92-1.85 (2H, m, CH,CH,CH,OAr), 1.75-1.61
(4H, m, CH,CH,N and HCCCH,CH,); 9, (100 MHz,
CDCl,) 157.20 (CAr), 142.70 (CAr), 139.33 (CAr), 138.39
(CAr), 137.09 (CAr), 133.79 (CAr), 129.21 (2 CHAr), 129.10
(2 CHAr), 12831 (2 CHAr), 127.93 (2 CHAr), 127.58 (2
CHAr), 127.46 (CHAr), 127.41 (2 CHAr), 127.29 (CHAr),
127.13 (2 CHAr), 114.39 (2 CHAr) 84.18 (C), 68.64 (CH),
67.77 (CH), 67.29 (CH,), 63.09 (CH), 46.45 (CH,), 32.37
(CH,), 31.71 (CH,), 28.37 (CH,), 25.11 (CH,), 21.46 (CH,),
18.19 (CH,); m/z (ESID) 581.3 (M*+1).

(R,R)-3C-Tethered Monomer with o-Hexyne
Substituent

N\

“Ph

Ph

This compound was prepared as for general procedure 7
using  N-((1R,2R)-2-(3-(4-(hex-5-ynyloxy)phenyl)propy-
lamino)-1,2-diphenylethyl)-4-methylbenzene sulfonamide
(116 mg, 0.2 mmol), ethylbenzoate ruthenium(II)chloride
dimer (64 mg, 0.1 mmol), DCM (5 cm®) and chlorobenzene
(13.4 cm®). After 5 hours at 90° C. mass spectrometry analy-
sis showed the desired monomer 2:1 two isomers (m/z 681.2
[M*+H-CI]). Due to the small scale of the reaction, the prod-
uct was not purified. The reaction was carried out as proof of
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concept for aryl substitution with this ligand structure prior to
preparing the polymer supported derivatives.

N-((1R,2R)-2-(3-(4-(4-(3-Benzyl-3H-1,2,3-triazol-4-
yDbutoxy)phenyl)propylamino)-1,2-diphenylethyl)-
4-methylbenzenesulfonamide

To a nitrogen purged flask was added the N-((1R,2R)-2-
(3-(4-(hex-5-ynyloxy)phenyl)propylamino)-1,2-diphenyl-
ethyl)-4-methylbenzenesulfonamide (116 mg, 0.200 mmol),
Cu(OAc), (7 mg, 0.04 mmol) and sodium-(L)-ascorbate (16
mg, 0.08 mmol) and degassed solution of 1/1 THF/water (5
cm?®). To the stirred solution was then added benzyl azide (32
mg, 0.24 mmol). The reaction became a blue colour when
stirred and then became cloudy white. The reaction was
stirred at room temperature for 48 hours. After this EtOAc (10
cm?®) was added followed by ammonium hydroxide (35%)
solution. The EtOAc was separated and aqueous phase
extracted with further EtOAc (2x10 cm?). The EtOAc phases
were combined and washed with further ammonium hydrox-
ide (35%) solution. The EtOAc phases were dried over
Na,SO,, filtered and the solvent removed under reduced pres-
sure to leave the product as a white solid (140 mg, 0.19 mmol,
95%). Purification was not necessary. Mp 123-124° C.;
[e]577-25.2 (¢ 0.25 in CHCL,) (R,R); (found (ESI): M*+H,
714.3481 C,3H, N, O;S requires M, 714.3472); v, 2925,
1510, 1454, 1324, 1241, 1155, 1047, 811, 698 cm™"; 8, (400
MHz, CDCl,) 7.38-7.34 (4H, m, CHAr), 7.25-7.21 (3H, m,
CHAr), 7.13-7.10 (3H, m, CHAr), 7.04-7.00 (5H, m, CHAr),
6.97-6.88 (6H, m, CHAr), 6.75 (2H, d, 1 8.5 Hz, CHAr), 6.30
(1H, br s, NH), 5.46 (2H, s, ArCH,NNN), 4.25 (1H, d,J 7.9
Hz, CHNHSO,), 3.93 (2H, t,J 5.7 Hz, CH,0Ar), 3.59 (1H, d,
J17.9 Hz, CHNH), 2.76 (2H, t, J 7.0 Hz, CH,CNNN), 2.49-
2.38 (3H, m, CH,Ar and CHHNH), 2.31-2.24 (4H, m, CH,
and CHHNH overlapping), 1.84-1.81 (4H, m,
CH,CH,CH,CH,0Ar), 1.69-1.61 (2H, m, CH,CH,NH); 3.
(100 MHz, CDCl,) 157.18 (CAr), 148.42 (CAr), 142.72
(CAr), 139.31 (CAr), 138.40 (CAr), 137.09 (CAr), 133.76
(CAr), 129.21 (2 CHAr), 129.12 (2 CHAr), 129.09 (2 CHAr),
128.64 (CHAr), 128.31 (2 CHAr), 128.01 (2 CHAr), 127.93
(2 CHAr), 127.58 (2 CHAr), 12745 (2 CHAr), 127.28
(CHAr), 127.11 (2 CHAr), 120.72 (CHAr), 114.37 (2 CHAr),
82.82 (CH), 67.76 (CH), 67.52 (CH,), 65.19 (C), 63.14 (CH),
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62.18 (C), 54.01 (CH,), 46.44 (CH,), 32.37 (CH,), 31.70
(CH,), 28.88 (CH,), 25.98 (CH,), 25.46 (CH,), 21.46 (CH,);
m/z (ESI) 714.3 (M*+1).

(R,R)-3C-Tethered Ruthenium Monomer with

Triazole Linker
/ Il‘f P o
NFN
@]
Ru
S
TsN”~ | cl
N
PK 2
Ph

This compound was prepared as for general procedure 7
using N-((1R,2R)-2-(3-(4-(4-(3-benzyl-3H-1,2,3-triazol-4-
yDbutoxy)phenyl)propylamino)-1,2-diphenylethyl)-4-meth-
ylbenzenesulfonamide (36 mg, 0.05 mmol), ethylbenzoate
ruthenium(IT)chloride dimer (16 mg, 0.025 mmol), DCM (1.3
cm®) and chlorobenzene (3.3 cm?). After 5 hours mass spec-
trometry analysis showed the desired monomer 3:1 two iso-
mers (m/z 814.2 [M*+H-Cl]). Due to the small scale of the
reaction, the product was not isolated. The reaction was car-
ried out as proof of concept for aryl substitution with this
ligand structure prior to preparing the polymer supported
derivatives.

Azido Opened Polymer.

o O\)\/N3

n

This compound is known in the literature and has previ-
ously been fully characterised. To poly(glycidyl methacry-
late) Mn~20,000 (568 mg, 4 mmol epoxide) was added NaN
(780 mg, 12 mmol) and NH,Cl (636 mg, 12 mmol). To this
was then added anhydrous DMF (40 cm®). The reaction was
stirred at 50° C. for 24 hours. The reaction was cooled to room
temperature and water was added until a white precipitate
formed. The precipitate was collected by filtration and dried
to give the product as a white solid (565 mg, 3.3 mmol repeat
units, 83%). Mp 250° C. (decomposed); v,,,, 3427, 2987,
2096, 1720, 1251, 1149, 1089, 747 cm™; §,, (300 MHz, THF)
471 (1H, br s, OH), 3.87-3.84 (3H, m, COOCH, and CH
overlapping), 3.25 (2H, br s, CH,N;), 1.86-1.78 (2H, m,
CH,CCH,), 0.99-0.83 (3H, m, CH,CCH,); 3. (75 MHz,
THF) 176.71 (C=0), 68.29 (CH), 66.11 (CH,), 53.79 (CH,,),
44.71 (CH,), 16.78 (CH,). Ref: N. V. Tsarevsky, S. A.
Bencherif and K. Matyjaszewski, Macromolecules 2007, 40,
4439-4445.
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Ligand Functionalised Polymer.

52

0
OH N =N $Ph
I HN—
o) O\)\/N / ~>—
Ph

To a nitrogen purged flask was added the azido opened
polymer (45 mg, 0.20 mmol N;) and N-((1R,2R)-2-(3-(4-
(hex-5-ynyloxy)phenyl)propylamino)-1,2-diphenylethyl)-4-
methylbenzenesulfonamide (113 mg, 0.20 mmol). To this
was then added Cu(OAc), (7 mg, 0.04 mmol) and sodium-
(L)-ascorbate 16 mg, 0.08 mmol followed by degassed THE/
water 1/1 (5 cm®). The reaction was stirred at room tempera-
ture for 48 hours. A blue precipitate formed and was collected
by filtration. This was washed with ammonium hydroxide
(aq.) and dried to give the product as a blue/green insoluble

©

O,
e}
Z
I
Z

gel (147 mg, 0.19 mmol clicked ligand). v,,,, 3375, 2987,
2901, 2103 (weak N, signal), 1726, 1241, 1152, 1077, 1056,
810, 698, 665, 548 cm™"

Polymer Supported (R,R)-3C-Tethered Ru Complex (A).

PP, Jf @;N\Hj

1,

"Ph
Ph

n

To a nitrogen purged flask was added the ligand functiona-
lised polymer described above (100 mg, 0.13 mmol ligand)
was added the ethylbenzoate ruthenium(II)chloride dimer (42
mg, 0.065 mmol). To this was then added anhydrous DCM
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TsHN

(3.4 cm®) and the solution was stirred at room temperature for
30 min. The DCM was removed under reduced pressure and
was replaced with chlorobenzene (8.6 cm®) and the reaction
was stirred at 90° C. for 5 hours. The chlorobenzene was
removed under vacuum to leave the product as a red/brown
insoluble solid. This was washed with further DCM to
remove unreacted ethylbenzoate ruthenium(IT)chloride
dimer to give the product (97 mg, 0.11 mmol Ru catalyst,
85%). MP 234° C. (decomposed); v,,,, 3406, 2931, 1720,
1510, 1445, 1269, 1156, 1106, 1049, 810, 744, 699 cm™!;

1:9 Ligand:Hexyne Functionalised Polymer.

Ph
TsHN

To a nitrogen purged flask was added the azido opened
polymer (97 mg, 0.50 mmol N;) and N-((1R,2R)-2-(3-(4-
(hex-5-ynyloxy)phenyl)propylamino)-1,2-diphenylethyl)-4-
methylbenzenesulfonamide (29 mg, 0.05 mmol) and hexyne
(37 mg, 0.45 mmol). To this was then added Cu(OAc), (18
mg, 0.1 mmol) and sodium-(L)-ascorbate (40 mg, 0.2 mmol)
and THE/water 4/1 (10 cm®). The reaction was stirred at room
temperature for 48 hours. After this the product had separated
from solution as a blue/green jelly. This was removed, washed
with ammonium hydroxide (aq.) (35%) and dried to give the
product as an insoluble blue gel (103 mg, 0.035 mmol ligand/
0.32 mmol clicked hexyne, 70%). v,,,. 3265, 2954, 2931,
2871, 1728, 1453, 1149, 1058, 809, 701, 665, 549 cm™'.
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1:9 (R,R)-3C-Tethered Ru Complex:Hexyne Functiona-
lised Polymer (B).

©

Q
[}

N—N

To a nitrogen purged flask was added 1:9 ligand:hexyne
functionalised polymer described above (100 mg, 0.034
mmol ligand) was added ethylbenzoate ruthenium(II)chlo-
ride dimer (11 mg, 0.017 mmol) and anhydrous DCM (0.9
cm?). The reaction was stirred at room temperature for 30 min
before the DCM was removed under reduced pressure. Chlo-
robenzene (2.2 cm®) was added and the reaction stirred at 90°
C. for 5 hours. After this the reaction was cooled to room
temperature, filtered and the solid dried to give the product as
a red/brown solid. This was washed with further DCM to
remove unreacted ethylbenzoate ruthenium(IT)chloride
dimer to give the product (70 mg, 0.021 mmol Ru catalyst,
62%). V,,,.. 3230, 3079, 2930, 1722, 1443, 1396, 1367, 1288,
1268, 1149, 1105, 1054, 771, 746, 700, 665 cm™".

3:7 Ligand:Hexyne Functionalised Polymer.
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To a nitrogen purged flask was added the azido opened
polymer (93 mg, 0.5 mmol N, ) and N-((1R,2R)-2-(3-(4-(hex-
5-ynyloxy)phenyl)propylamino)-1,2-diphenylethyl)-4-me-
thylbenzenesulfonamide (87 mg, 0.15 mmol) and hexyne (29
mg, 0.35 mmol). To this was then added Cu(OAc), (18 mg,
0.1 mmol) and sodium-(L)-ascorbate (40 mg, 0.2 mmol) and
THF/water 4/1 (10 cm®). The reaction was stirred at room
temperature for 48 hours. After this the product had separated
from solution as a blue/green jelly. This was removed, washed
with ammonium hydroxide (aq.) (35%) and dried to give the
product as an insoluble blue gel (180 mg, 0.13 mmol ligand/
0.30 mmol clicked hexyne, 87%). v,,,. 3272, 2930, 2869,
1727, 1454, 1242, 1152, 1055, 810, 699, 665, 548 cm ™.

3:7 (R,R)-3C-Tethered Ru Complex:Hexyne Functiona-
lised Polymer (C).

0
o N=N R i
~
O\)\/N / CI7 ] SN
TsN
/1,,
Ph

3 Ph

-

This compound was prepared using 3:7 ligand:hexyne
functionalised polymer described above (180 mg, 0.13 mmol
ligand), ethylbenzoate ruthenium(Il)chloride dimer (42 mg,
0.065 mmol), anhydrous DCM (1.2 cm?) and chlorobenzene
(2.8 cm®) to give the product (189 mg, 0.12 mmol Ru catalyst,
92%).,,,. 3687,3674,2972,2901, 1723, 1394, 1251, 1056,
861, 679, 565 cm™.

Ph
Ph
TsHN
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10% Azido Opened poly(glycidyl methacrylate).

To a nitrogen purged flask was added poly(glycidyl meth-
acrylate) Mn 20,000 (568 mg, 4 mmol epoxide) was added
NaNj; (26 mg, 0.4 mmol) and NH,C1 (21 mg, 0.4 mmol). To
this was then added anhydrous DMF (40 cm®). The reaction
was stirred at 50° C. overnight. The reaction was cooled to
room temperature and DMF removed under vacuum. The
residue was then washed with water and dried to leave a
viscous, sparingly soluble colourless gel (330 mg, 0.23 mmol
N5/2.0 mmol epoxide, 58%). v,,,, 3435 (weak), 2932, 2102
(weak), 1728 (weak), 1665, 1386, 1255, 1148, 1091, 658
cm™%; 8, (400 MHz, THF) 4.61 (0.1H, br s, OH), 4.17 (0.9H,
brs, COOCH*H?), 3.89-3.84 (0.3H, m, COOCH, and CHOH
overlapping), 3.70 (0.9H, br s, COOCH"H?), 3.24 (0.2H, brs,
CH,Nj,), 3.10 (0.9H, br s, COOCH,CH), 2.66 (0.9H, br s,
CH“H?0 in epoxide), 2.51 (0.9H, br s, CH“H?O in epoxide),
1.91-1.81 (2H, CH,CCH,), 1.00-0.84 (3H, m, CH,); . (100
MHz, DMSO) quaternary carbon CC—O not observed
162.28 (1C, s), 143.17 (1C, s), 65.70 (1C, s), 65.45 (1C, s),
48.57(1C,s),48.49(1C,s),43.79(1C,s),39.96 (1C, 5),35.75
(1C, 8), 30.67 (1C, s).

1:9 Azido:Diethylamine Functionalised poly(glycidyl
methacrylate).

N3

To a nitrogen purged flask connected to a condenser was
added 10% azide opened poly(glycidyl methacrylate) (230
mg, 1.44 mmol epoxide/0.16 mmol N;) was added DMSO
(2.5 cm®) and diethylamine (124 mg, 1.7 mmol). The reaction
was stirred at 60° C. overnight. After this the reaction was
cooled to room temperature and the DMSO removed under
vacuum with gentle heating to leave the product as a straw
coloured, insoluble, viscous gel (280 mg, 0.15 mmol N;/1.4
mmol diethylamine, 97%). v,,,. 3386, 2965, 2931, 2101,
1724, 1438, 1385, 1269, 1152, 1020, 952 cm™. For proce-
dure see reference 164.
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1:9 Ligand:Diethylamine Functionalised Polymer.

0 O\)Oi/N\/
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To a nitrogen purged flask was added 1:9 azide:diethy-
lamine opened poly(glycidyl methacrylate) described above
(280 mg, 0.15 mmol N;/1.4 mmol diethylamine) and N-((1R,
2R)-2-(3-(4-(hex-5-ynyloxy)phenyl)propylamino)-1,2-
diphenylethyl)-4-methylbenzenesulfonamide (87 mg, 0.15
mmol). To this was then added Cu(OAc), (5.5 mg, 0.03
mmol) and sodium-(L)-ascorbate (12 mg, 0.06 mmol) fol-
lowed by THF/water 4/1 (3 cm®). The reaction was stirred at
room temperature for 48 hours. The reaction was filtered and
the solid was washed with ammonium hydroxide (aq.) (35%)
and dried to leave a blue/green insoluble solid (250 mg, 0.09
mmol clicked ligand/0.81 mmol diethylamine, 75%). v,,,,.
3344,2968,2936, 1726, 1453, 1386, 1374, 1241, 1151, 1060,
811, 700 cm™".
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1:9 (R,R)-3C-Tethered Ru Complex:Diethylamine Func-
tionalised Polymer (D).
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This compound was prepared as for 256 using 1:9 ligand:
diethylamine functionalised polymer described above (250
mg, 0.09 mmol clicked ligand), ethylbenzoate ruthenium(II)
chloride dimer 197 (29 mg, 0.045 mmol), anhydrous DCM
(0.8 cm®) and chlorobenzene (2 cm?) to give the product (141
mg, 0.05 mmol Ru/0.45 mmol diethylamine, 56%). v,,,.
3374,2967, 1724, 1665, 1453, 1386, 1266, 1151, 1084, 997,
746,700 cm™"

Microwave Reactions:

Cl—Ru

2
Clg)

In microwave

MeO

P‘TOlOZS\NH N

~ H solvent, heat
H iy, ,”’ H
Ph Ph

Novel '3C p-OMe'

MeO

Cl—Ru
p-TolO2S—0 o N
N NZ
o
H™Y Opltt
Ph Ph

4-OMe complex formation in chlorobenzene using Micro-
wave SRC 1304(1):

A solution of ligand C;,H;,N,O;S (50 mg, 1.0 eq) and
[Ru(CsH, ,0,)CL,], (31.6 mg, 0.5 eq) in chlorobenzene (3
ml) was placed in glass tube, sealed and irradiated with
microwave radiation under the following conditions. The
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reaction mixture was analysed by ESI-MS and TL.C after each
run. ESI-MS complied for required complex formation with
[M-CI]* peak at 615.0.

1st run: Power=40 W, Temp=90° C., RAMP=1 min,
Hold=10 min. Product visible by TLC on silica gel and by
ESI-MS, shown in FIG. 4.

2nd run: Power=40 W, Temp=90° C., RAMP=1 min,
Hold=10 min. Product visible by TL.C on silica gel and ESI
MS but with signs of decomposition is shown in FIG. 5.

4-OMe complex formation using Microwave (intermediate
preformed in DCM) SRC 1304(2):

A solution of ligand C;,H;,N,0O;S (50 mg, 1.0 eq) and
[Ru(C,H,,0,)CL,], (31.6 mg, 0.5 eq) in DCM (3 mL) was
stirred at room temperature under an inert atmosphere for 30
min. The mixture was concentrated on a rotavapor to give
orange residue. The residue was dissolved in chlorobenzene
(3 mL), transferred to a glass tube, sealed and irradiated with
microwave radiation under the following conditions. ESI-MS
complied for required complex formation with [M-CI]* peak
at 615.0 with formation of undesired bidentate complex with
[M-CI]* peak at 764.1. Both desired and undesired complexes
were visible by TLC on silica gel.

Power=40 W, Temp=90° C., RAMP=1 min, Hold=10 min
is shown in FIG. 6.

4-OMe complex formation in DCM using Microwave SRC
1305(1):

A solution of ligand C;,H;,N,O,S (50 mg, 1.0 eq) and
[Ru(C,H,,0,)CL,], (31.6 mg, 0.5 eq) in DCM (3 mL) was
placed in glass tube, sealed and irradiated with microwave
radiation under the following conditions. The reaction mix-
ture was analysed by ESI-MS and TLC after each run. ESI-
MS indicated formation of the undesired bidentate complex
formation with [M-CI]* peak at 765.1. 1st run: Power=40 W,
Temp=50° C., RAMP=2 min, Hold=10 min, Pressure=60 psi
is shown in FIG. 7.

2nd run: Power=40 W, Temp=50° C., RAMP=2 min,
Hold=10 min, Pressure=60 psi.

3rd run: Power=80 W, Temp=75° C., RAMP=2 min,
Hold=10 min, Pressure=100 psi is shown in FIG. 8.

4-OMe complex formation in DCE using Microwave SRC
1305(2):

A solution of ligand C;,H;,N,0O;S (50 mg, 1.0 eq) and
[Ru(C,H, ,0,)CL,], (31.6 mg, 0.5 eq) in DCE (3 mL) was
placed in glass tube, sealed and irradiated with microwave
radiation under the following conditions. The reaction mix-
ture was analysed by ESI-MS and TLC after each run. ESI-
MS complied with undesired bidentate complex formation
with [M-CI]* peak at 765.1 after 1 run and there was
required complex formation after 2% run with [M-CI]* peak
at 614. But complex formation was not clean as observed in
reaction carried out in chlorobenzene.

1st run: Power=80 W, Temp=80° C., RAMP=2 min,
Hold=10 min, Pressure=60 psi is shown in FIG. 9.

2nd run: Power=80 W, Temp=100° C., RAMP=2 min,
Hold=10 min, Pressure=60 psi is shown in FIG. 10.

MW Reactions on Other Ligands (F16).

Ligand (0.05 mmol) and [RuC,H,CO,EtCL,], (0.025
mmol) were dissolved in chlorobenzene (1.5 ml) and the
resulting solution was stirred at rt for 5 min. The mixture was
heated to 90° C./130° C. (Power=100 W Pressure=60 psi) in
a microwave reactor for 10 min and results were recorded by
mass spectrometry.

F16 4 and 8

Ligand (24.3 mg, 0.05 mmol) and [RuC;H,CO,EtCl,],
(15.8 mg, 0.025 mmol) were dissolved in chlorobenzene (1.5
ml) and the resulting solution was stirred at rt for 5 min. The
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mixture was heated to 90° C./130° C. in microwave MW
reactor for 10 min results were recorded by MS.

Ph NHTs
\[ O
a N/\/
H

PR

product formed by MS under 130° C. in MW for 10 min but
did not form under 90° C. in microwave for 10 min is shown
in FIG. 11.

F163 and 7

Ligand (28.8 mg, 0.05 mmol) and [RuC,;H,CO,EtCl,],
(15.8 mg, 0.025 mmol) were dissolved in chlorobenzene (1.5
ml) and the resulting solution was stirred at rt for 5 min. The
mixture was heated to 90° C./130° C. in microwave reactor
for 10 min results were recorded by MS.

Ph \[ NHTs

P Sy
i

OPh

product formed by MS under 130° C. in MW for 10 min but
did not form under 90° C. in microwave for 10 min is shown
in FIG. 12.

F16 5

Ligand (27.2 mg, 0.05 mmol) and [RuC,H;CO,EtCl,],
(15.8 mg, 0.025 mmol) were dissolved in chlorobenzene (1.5
ml) and the resulting solution was stirred at rt for 5 min. The
mixture was heated to 90° C./130° C. in microwave reactor
for 10 min results were recorded by MS.

Ph \[ NHTs

“r OMe
P N
it

OMe
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product formed by MS 130° C. in MW for 10 min but did not
form under 90° C. in microwave for 10 min is shown in FIG.
13.

Synthesis of Ligands for the Microwave Studies
Above

N-{(1R,2R)-2-[3-(4-phenoxyphenyl)propylamino]-1,
2-diphenylethyl }-4-methylbenzenesulfonamide SRC

997
Ph \[ NHTs
o

Ph N
H
OPh

To a mixture of C,H,0,(0.249 g, 1.093 mmol, 1.6 eq)
and 2,6-lutidine (0.167 mL, 1.434 mmol, 2.10 eq) in dry
DCM (5 mL) was added a solution of triflic anhydride (0.195
ml, 1.161 mmol, 1.70 eq) into dry DCM (2.5 mL) dropwise
at 0° C. under an inert atmosphere. The resulting light pink
solution was stirred at 0° C. for 30 min and at room tempera-
ture for 60 min. The mixture was again cooled down to 0° C.
To this, solution of (1R,2R)TsDPEN (0.250 g, 0.683 mmol,
1.0eq)and TEA (0.228 mL., 1.639 mmol, 2.4 eq) in dry DCM
(2.5 mL) was added dropwise at 0° C. The resulting yellow
coloured mixture was stirred at 0° C. for 30 min and then at
room temperature for 17 h. The reaction mixture was diluted
with DCM (20 mL) and washed with sat. NaHCO, solution
(3x25 mL). The organic layer was separated, washed with
H,O (2x15 mL), brine (25 mL), dried over anhy. Na,SO,,
filtered and concentrated to give crude compound. The crude
compound was purified by column chromatography over
silica gel using EtOAc:Pet. ether (25:75) as an eluent to give
residue. The residue was triturated in n-pentane (to remove
traces of 2,6-lutidine) to give solid. The solid was filtered,
washed with n-pentane and dried under vacuum to give pure
compound as white solid (0.295 g, 0.512 mmol, 75%). Mp
54-56° C.; [a]52*==20.00 (c 0.825 in CHCl,); v, ... 3298,
3060, 3028, 2926, 2857, 1589, 1487, 1229, 1157, 807, 754,
696, 666 cm™'; 3, (400 MHz, CDCl,) 7.36 (2H, d, J 8.0,
—CH of —S0,C H,CH,), 7.33-7.29 (2H, m, —CH of phe-
nyl), 7.15-7.11 (3H, m, —CH of phenyl), 7.09-6.98 (9H, m,
—CH of phenyl), 6.96-6.89 (7H, m, —CH of phenyl), 6.24
(1H, br s, —NHTs), 4.27 (1H, d, J 7.6, —CHNHTs), 3.60
(1H,d,J7.6,—CHNH(CH,);—), 2.58-2.47 (2H, m, —NH—
CH,CH,CH,—), 2.45-240 (1H, —NH—
CHHCH,CH,—), 234-237 (4H, m, —NH—
CHHCH,CH,—, —CH,), 1.75-1.61 (2H, m, —NH—
CH,CH,CH,—), 1.44 (1H, br s, —NH(CH,);—); d¢ (100
MHz, CDCl,) 155.07 (C), 142.67 (C), 139.23 (C), 138.29
(C), 137.02 (C), 136.71 (C), 129.63 (2CH), 129.48 (2CH),
129.05 (2CH), 128.28 (2CH), 127.90 (2CH), 127.51 (2CH),
127.44 (CH), 127.35 (2CH), 127.26 (CH), 127.08 (2CH),
122.90 (CH), 119.00 (2CH), 118.47 (2CH), 67.73 (CH),
63.02 (CH), 46.37 (CH,), 32.48 (CH,), 31.56 (CH,), 21.4

m,



US 9,321,045 B2

61
(CH,); nvz ESI-MS [M+H]* 577.2; HRMS found 577.2515
(C;34H;34N,O,S H+ requires 577.2519, error=1.1 ppm).

4-Methyl-N-[(1R,2R)-2-(2-phenoxyethylamino)-1,2-
diphenylethyl|benzenesulfonamide SRC 878

Ph NHTs
:[ /\/ 0
© R

Ph

To a mixture of CgH, 0, (0.151 g, 1.093 mmol, 1.6 eq) and
2,6-lutidine (0.167 mL, 1.434 mmol, 2.10 eq) in dry DCM (5
ml.) was added a solution of triflic anhydride (0.195 mlL,,
1.161 mmol, 1.70eq) indry DCM (2.5 mL) dropwise at 0° C.
under an inert atmosphere. The resulting light pink solution
was stirred at 0° C. for 30 min and at room temperature for 60
min. The mixture was again cooled down to 0° C. To this,
solution of (1R,2R)TsDPEN (0.250 g, 0.683 mmol, 1.0 eq)
and TEA (0.228 mL, 1.639 mmol, 2.4 eq) into dry DCM (2.5
ml) was added dropwise at 0° C. The resulting yellow
coloured mixture was stirred at 0° C. for 30 min and then at
room temperature for 17 h. The reaction mixture was diluted
with DCM (20 mL) and washed with sat. NaHCO; solution
(3x25 mL). The organic layer was separated, washed with
H,O (2x15 mL), brine (25 mL), dried over anhy. Na,SO,,
filtered and concentrated to give crude compound. The crude
compound was purified by column chromatography over
silica gel using EtOAc:Pet. ether (25:75) as an eluent to give
a residue. The residue was triturated in n-pentane (to remove
traces of 2,6-lutidine) to give a solid. The solid was filtered,
washed with n-pentane and dried under vacuum to give pure
compound as white solid (0.250 g, 0.514 mmol, 75%). Mp
130-132° C.; [a] ,28==6.21 (c 0.515 in CHCL,); v, 3344,
3297,3064,3029,2940, 1600, 1491, 1454, 1433, 1303, 1248,
1159, 807, 754, 696, 668 cm™"; 8, (300 MHz, CDCl,) 7.36
(2H, d,J 8.4, —CH of —S0O,C,H,CH,), 7.30-7.24 (2H, m,
—CH of phenyl), 7.16-7.11 (3H, m, —CH of phenyl), 7.09-
7.02 (3H, m, —CH of phenyl), 6.99-6.93 (7H, m, —CH of
phenyl), 6.80 (2H, d, J 7.8, —CH of phenyl), 6.18 (1H, br's,
—NHTs), 4.28 (1H, d, J 7.3, —CHNHTs), 4.01-3.87 (2H, m,
—CH,CH,0OCHsy), 3.73 (1H, d, T 7.3, —CHNHCH,—),
2.84-2.76 (1H, m, —CHHCH,OCHs,), 2.69-2.62 (1H, m,
—CHHCH,OC:Hy), 2.30 (3H, s, —CH,), 1.79 (1H, br s,
—NHCH,—); ¢ (75 MHz, CDCl,) 157.92 (C), 142.06 (C),
138.30 (C), 137.70 (C), 136.37 (C), 128.84 (2CH), 128.47
(2CH), 127.75 (2CH), 127.36 (2CH), 126.95 (CH), 126.87
(2CH), 126.82 (2CH), 126.71 (CH), 126.46 (2CH), 120.34
(CH), 113.90 (2CH), 67.00 (CH), 66.38 (CH,), 62.47 (CH),
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45.52 (CH,), 20.80 (CH;); m/z ESI-MS [M+H]" 487.1;
HRMS found 487.2051 (C,,H;,N,O,S H+ requires
487.2050, error=-0.2 ppm).

2) Reactions with the OMe-Substituted Diene which
Demonstrate that the OMe Catalyst Cannot be
Prepared by the Traditional Route

3-(4-Methoxycyclohexa-1,4-dienyl)propan-1-ol

OoH
MeO

A flask and condenser set up was cooled to -78° C. with a
dry ice/acetone mixture. The system was purged with nitro-
gen and 3-(4-methoxyphenyl-1-propanol) (1.5 g, 9.02 mmol)
and anhydrous ethanol (4.5 ml.) was added to the addition
funnel. Ammonia gas was added at 0.2 bar, which condensed
in the flask to give liquid ammonia (40 mL). The ethanolic
solution of 3-(4-methoxyphenyl-1-propanol) was added
dropwise with stirring with additional ethanol (0.5 mL por-
tions) added to maintain precipitate dissipation (5 mL in
total). Sodium pieces (1.50 g in total) were added, leaving
time for the blue color produced to fade before adding more
(additional ethanol was added when stirring ceased). Once
the blue color started to persist for longer the reaction was left
to slowly warm to room temperature overnight. Saturated
NH,CI (35 mL) was slowly added to the resulting solution
with great care initially in case of any unreacted sodium
present. This was then extracted with DCM (4x20 mL) and
the organic layers were collected, combined and dried over
Na,SO, then filtered and concentrated to give the product as
ayellow oil as the pure product (1.562 g, 9.29 mmol, 102%);
Ve 3361 (OH stretch), 2936, 1665, 1389, 1214, 1171, 1011,
d;7 (400 MHz, CDCl,) 5.42 (1H, s, CH—COCH,), 4.63 (1H,
s, C—CHCH,), 3.67-3.63 (2H, m, CH,OH), 3.55 (3H, s,
CH,), 2.73 (4H, br s, CH,C—C and CH,C—C(CH,),), 2.08
(2H, t, T 8.0, CH, (CH,),OH), 1.74-1.67 (2H, m,
CH,CH,OH), 1.50 (1H, br s, OH); 8. (100 MHz, CDCl,)
152.98 (C), 134.94 (C), 117.67 (CH), 90.39 (CH), 62.69
(CH,), 53.85 (OCH,), 32.91 (CH,), 30.54 (CH,), 29.26
(CH,), 29.08 (CH,); m/z ESI-MS [M+Na]* 191.1; HRMS
found 191.041 (C,,H,40, Na+ requires 191.1043, error=
-0.8 ppm). E. N. Marvell, D. Sturmer and C. Rowell, 7etra-
hedron 1966, 22, 861-866; H.-S. Liu and Y. Han, Chem.
Commun. 1991, 1484-1485.

N-{2-[3-(4-Methoxycyclohexa-1,4-dienyl)propy-
lamino]-1,2-diphenylethyl}-4-methylbenzene-
sulfonamide

Ph NHTs
:[
AN N

Ph
H
OMe

A mixture of 3-(4-methoxycyclohexa-1,4-dienyl)propan-
1-01(0.184 g, 1.093 mmol) and 2,6-Iutidine (0.167 mL, 1.434
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mmol) in dry DCM (5 mL) under nitrogen was cooled to 0° C.
To this was added a mixture of triflic anhydride (0.195 mL,
1.161 mmol) and dry DCM (1.25 mL) dropwise over 5 min-
utes. The resulting solution was stirred at 0° C. for 30 minutes
and then room temperature for 60 minutes. The reaction mix-
ture was again cooled to 0° C. and a solution of (1R,2R)-
TsDPEN (0.25 g, 0.683 mmol) and TEA (0.228 mL, 1.639
mmol) in dry DCM (1.25 ml.) was added slowly. The result-
ing solution was stirred at 0° C. for 30 minutes then at room
temperature for 18 hours. This was diluted with DCM (7.5
ml) and washed with NaHCO; (3x15 mL), water (2x7.5 mL)
and brine solution (15 mL). The organic layer was dried over
Na,SO,, filtered and concentrated to give the crude product.
This was purified by column filtration to give pure product
(70.5 mg, 0.137 mmol, 20.0%). Mp 88-90° C.; [a] ,>"=-56.0
(c 0.25 in CHCl,); v, 3302, 2930, 1164, 1215, 1159, 807,
701; &, (400 MHz, CDCl;) 7.36 (2H, d, J 8.4, —CH of
phenyl), 7.13-7.12 (3H, m, —CH of phenyl), 7.06-7.01 (5H,
m,—CH of'phenyl), 6.95-6.89 (4H, m,—CH of phenyl), 6.28
(1H, br s, N—H), 5.25 (1H, br s, CH—C), 4.60 (1H, br s,
CH—C),4.24 (1H,d, J 7.8, —CHNHTs), 3.59 (1H, d, J 7.8,
CHNH(CH,);—), 3.54 (3H, s, —OCH,), 2.66 (4H, br s,
CH,C—C and CH,C—C(CH,);), 2.41-235 (1H, m,
—NH—CHHCH,CH,—), 2.33 (3H, s, —CH,), 2.29-2.23
(1H, m, —NH—CHHCH,CH,—), 1.95-1.86 (2H, m,
—NH—CH,CH,CH,—), 1.56-1.43 (2H, m, —NH—
CH,CH,CH,—); . (100 MHz, CDCl,) 152.95 (C), 142.62
(©), 139.30 (C). 138.34 (C), 137.03 (C), 134.71 (C), 129.03
(2CH), 128.24 (2CH), 127.87 (2CH), 127.50 (2CH), 127.39
(CH), 127.33 (2CH), 127.22 (CH), 127.07 (2CH), 117.66
(CH), 90.36 (CH), 67.76 (CH), 63.02 (CH), 53.85 (OCH,),
46.60 (CH,), 34.02 (CH,), 29.14 (CH,), 29.06 (CH,), 27.76
(CH,), 21.39 (CH,); m/z ESI-MS [M+H]* 517.1; HRMS
found 5172519 (C;,H;4N,O.S H+ requires 517.2519,
error=—0.2 ppm). Tosylation of 3-(4-methoxycyclohexa-1,4-
dienyl)propan-1-ol was described in H.-S. Liu and Y. Han,
Chem. Commun. 1991, 1484-1485.

Attempted Synthesis of {N-[(1R,2R)-2-[3-(4-meth-
oxyphenyl)propylammonium chloride]-1,2-diphenyl-
ethyl]-4-methylbenzenesulfonamide} ruthenivm
chloride dimer 4 using N-{2-[3-(4-Methoxycyclo-
hexa-1,4-dienyl)propylamino]-1,2-diphenylethyl}-4-

methylbenzenesulfonamide
Ph \[ NHTs

RuCl3
Ph g solvent
OMe
Ph NHTs
RuCl,
\\\\‘ @ XD
P N S
ok |

Cl Y

OMe 5

SRC 936, 26 Jul. 2012.

N-{2-[3-(4-Methoxycyclohexa-1,4-dienyl )propylamino] -
1,2-diphenylethyl}-4-methylbenzenesulfonamide (0.250 g,
0.484 mmol) in dry DCM (5 mL) under an inert atmosphere
was cooled to 0° C. To this, HC1 (2M in Et, O, 0.726 mL) was

40

45
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added and stirred for 30 min. The mixture was concentrated
on a rotavapor to give a white solid. The solid was dissolved
in anhydrous EtOH (10 mL) under an inert atmosphere. To
this, RuCl;. xH,O (0.101 g, 0.387 mmol, 0.8 eq) was added
and the resulting mixture was heated at 80° C. for 16 h. The
reaction mixture was cooled to room temperature and filtered
to give a black solid (20 mg; mostly decomposed ruthenium
chloride). The filtrate was concentrated to give a green resi-
due (0.2 g). The '"H-NMR of residue was complex with no
evidence of the required product. ESI-MS complied with
aromatised starting compound is shown in FIG. 14.

SRC 1209, 11 Jun. 2013.

A solution of HCI salt of ligand (0.250 g, 1.3 eq) and
RuCl;. xH,0 (1.0 eq) in methanol was refluxed at 65° C. for
16 h to give a reddish orange mixture (methanol was used
instead of ethanol). No solid separated out. The solvent was
evaporated on a rotavapor and solid residue (0.379 g, crude)
was analysed by 1H-NMR and ESI-MS. ESI-MS complied
with aromatised starting compound is shown in FIG. 15.

SRC 1219a, 19 Jun. 2013.

A solution of HCI salt of ligand (0.150 g, 1.0 eq) and
RuCl,. xH,0O (15 mg, 0.2 eq) in methanol was refluxed at 65°
C. for 16 h to give an orange mixture. No solid separated out.
The solvent was evaporated on a rotavapor and solid residue
(0.174 g) was analysed by 1H-NMR and ESI-MS. ESI-MS
complied with aromatised starting compound is shown in
FIG. 16.

SRC 1219b, 19 Jun. 2013.

A solution of ligand (0.150 g, 1.0 eq) and RuCl;. xH,O (15
mg, 0.2 eq) in methanol was refluxed at 65° C. for 16 hto give
a dark brown mixture. No solid separated out. The solvent
was evaporated on a rotavapor and the solid residue (0.160 g)
was analysed by 1H-NMR and ESI-MS. ESI-MS complied
with starting compound and methanol adduct (possibly an
acetal) but it did not aromatise. (note these conditions should
not promote complexation) is shown in FIG. 17.

1268, 29 Aug. 2013.

Salt not formed. 1.0 eq ligand and 0.8 eq. RuCL3.xH20
combined in methanol at reflux however this led to aromati-
sation and no product was observed. This suggests that the
RuCl, causes aromatisation. See FIG. 18.

1271, 2 Sep. 2013.

A solution of HCl salt of ligand (0.100 g) was refluxed in
methanol for 16 h. Aromatisation of starting ligand was
observed by ESI-MS analysis this is show in FIG. 19.

1305(3), 3 Oct. 2013.

A solution of HCI salt of ligand (50 mg, 1.3 eq) and RuCl,.
xH,0 (1.0 eq) in methanol (3 mL) was irradiated with micro-
wave radiation under following conditions. Power=80 W,
Temperature=70° C., RAMP=2 min, Hold=20 min, Pres-
sure=60 psi. The reaction mixture was analysed by ESI-MS
analysis. ESI-MS complied with aromatised starting com-
pound is shown in FIG. 20.

1321(2), 29 Oct. 2013.

A solution of ligand (50 mg, 1.3 eq) and RuCl;. xH,O (1.0
eq) in methanol (3 mL) was irradiated with microwave radia-
tion under following conditions. Power=80 W, Tempera-
ture=65° C., RAMP=2 min, Hold=20 min, Pressure=60 psi.
The reaction mixture was analysed by ESI-MS analysis. ESI-
MS complied with starting compound and methanol adduct
of it is shown in FIG. 21.

Stability Tests on the Non-OMe Substituted Ligand Indi-
cated that it was More Stable:

F10-1: Ligand (below) (48 mg, 0.1 mmol) was dissolved in
EtOH (5 ml), the resulting solution was refluxing under N,
atmosphere for 24 h and the results were tested by 'H NMR.
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Ph \[ NHTs

PhY N
H

This compound is stable under refluxing in EtOH for 24 h.

F10-2: Ligand (below) (48 mg, 0.1 mmol) was dissolved in
EtOH (5 ml) and HCI/Et,O (0.5 ml, 1M solution) was added
dropwise. Excess HCI was removed under reduced pressure
and the ligand salt was dissolved in EtOH (5 ml) and refluxed
under N, atmosphere for 24 h and the results were tested by
'"H NMR.

Ph \[NHTS
™ N
el

This compound is stable under refluxing in EtOH for 24 h.

F10-3: Ligand (below) (48 mg, 0.1 mmol) was dissolved in
EtOH (5 ml) and HCVEt,O (0.5 ml, 1M solution) was added
dropwise. Excess HCI was removed under reduced pressure
and the ligand salt was dissolved in EtOH (5 ml) and
RuCl;XH,O (28 mg, 0.1 mmol) was added. The resulting
mixture was refluxed under N, atmosphere for 24 h and the
results were tested by 'H NMR.

Ph \[ NHTs

N
H,Cl

This compound formed dimer with RuCl;XH,O in EtOH
refluxing for 24 h.

Reaction of OMecyclohexadiene Needs Large Excess of
Diene:

Methoxybenzene Ruthenium(IT)chloride Dimer (203).

Ru
|
a

This result reflects the large excess of OMe-containing
ligand that is required for formation of an electron-rich arene
Ru(II) complex. No product was formed at lower loadings of
diene; using 1.2 equivalents of diene, no dimer product was
formed.

To a nitrogen purged flask was added RuC1.3H,0 (261 mg,
1 mmol) and MeOH (13.5 cm®). To this was then added
1-methyl-1,4-cyclohexadiene (1.22 g, 11 mmol) and the reac-
tion was stirred at reflux for 6 hours. The reaction solution
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was cooled to room temperature and filtered to give a black
solid (138 mg, 0.25 mmol, 50%). d,, (400 MHz, d,-DMSO)
6.21 (2H, t, J, 6 Hz, CHAr—Ru), 5.59 (2H, d, J, 6.0 Hz,
CHAr—Ru), 5.42 (1H, tJ, 6.0 Hz, CHAr—Ru), 3.97 (3H, s,
CH,); 3. (100 MHz, DCMSO) 140.43 (2 CAr—Ru), 94.10 (4
CHAr—Ru), 7439 (2 CHAr—Ru), 65.19 (4 CHAr—Ru),
57.20 (2 CH,).

Hexamethylbenzene cannot be reduced by the Birch reduc-
tion, which indicates that highly electron-rich aromatic rings
may be unsuitable starting materials for the synthesis of teth-
ered complexes (lit—M. A. Bennett, T.-N. Huang T. W.
Matheson and A K. Smith, /norganic Syntheses 1982, XXI,
74-78.

Unless otherwise stated each of the integers described in
the invention may be used in combination with any other
integer as would be understood by the person skilled in the art.
Further, although all aspects of the invention preferably
“comprise” the features described in relation to that aspect, it
is specifically envisaged that they may “consist” or “consist
essentially” of those features outlined in the claims. In addi-
tion, all terms, unless specifically defined herein, are intended
to be given their commonly understood meaning in the art.

Further, in the discussion of the invention, unless stated to
the contrary, the disclosure of alternative values for the upper
or lower limit of the permitted range of a parameter, is to be
construed as an implied statement that each intermediate
value of said parameter, lying between the smaller and greater
of the alternatives, is itself also disclosed as a possible value
for the parameter.

In addition, unless otherwise stated, all numerical values
appearing in this application are to be understood as being
modified by the term “about”.

TABLE la

Batch Conv. E.e.”

Ketone number Catalyst Time (%) (%)
(6] 1 SRC946 4-Meth- 1h 83.3 96.7(R)
oxy 15h 927 96.8(R)

2h  99.8 96(R)
SRC958 3,5- 1h 24 R89.7(R)
Dimeth- 2h  79.3 89.2(R)
oxy 3h 979 89.7®R)
4h 999 88.83(R)

(@] 2 SRC947 4-Meth- 1.5h  59.6 96(R)
OXy 35h  99.9 96.8(R)
SRC960 3,5- 1h 16.6 88.9(R)
Dimeth- 3h 88.0 87.9(R)

OXy 5h  99.8 88(R)
OMe O 3 SRCY948(1) 4-Meth- 1h  98.6 95.7(R)
oxy 15h 999 95.5(R)
SRC972 3,5- 5h 213 75.1(R)
Dimeth- 8h 49.5 73.3(R)
oxy 23h 973 69.5(R)
31h 989 68.5(R)
O 4 SRC956 4-Meth- 1h 64.2 98.1(R)
D_< oxy 2h 99 98Y(R)
o SRC973 3,5- 1h 235 95.0(R)
Dimeth- 2h 844 95.7(R)
oxy 3h 995 957(R)



US 9,321,045 B2

TABLE la-continued TABLE la-continued
Batch Conv. E.e.” Batch Conv. E.e”
Ketone number  Catalyst Time (%) (%) Ketone number  Catalyst Time (%) (%)
5
(@] 5 SRC950 4-Meth- 1h 99.1 95(S) 1) 11 SRCO57(1) 4Meth- 1h 205
OH OXy 2h 99.8 97.8(S) oxy oh 67.0
SRC963  3,5- 1h >99 95.5(5) 3Ih 91.8
Dimeth- 2h  99.9 95(S) 4h 984
OxY 5h 99.5 99(R)
10 SRC964  3,5- 1h 226
Dimeth- 2h 643
OXy 3h  91.0
O 6 SRC949  4-Meth- 1h >99 954(8S) 4h  99.1
Cl OXy 5h 99.8 99(R)
SRC962  3,5- 1h 883 94.1(S)
Dimeth- 2h >99 93.9(S) 15 (6] 12 SRC971  4-Meth- 0.5h  37.3 89.8(R)
OXy oxy 1h 98.1 89.0(R)
1.5h 993 88.9(R)
SRC968  3,5- 1h 782 70.6(R)
NC Dimeth- 2h  99.9 66.5(R)
OXy
o 7 SRC954 4Meth- 1h 998 97.8R) 20
OXy
N SRC967  3,5- 1h 834 922(R) OH O 13 SRC980 4-Meth- 1h 413 >99(R)
Dimeth- 2h >99 92.8(R) oxy 2h  93.1 >99(R)
OXy 3h  99.8 >99(R)
SRC981 3,5- 7h 998 96.1(R)
25 Dimeth-
OXy
O, 8 SRC970 4-Meth- 1h 486 98.9R)
OXy 2h 993 99.1(R)
3h 999 99(R)
(@] - - .
SRC969  3,5- 1h 1.7 254(R) 14 SRCO74 iXMeth iﬂ ;g g
Dimeth- 3L 310 17.8R) °° 4 Su 997 374%S)
OXY 6h 622 2L.6(R) SRC975 3,5 oh 574
8h 639 21.3(R) D,imeth— 4h 959
23h 895 20.3(R) oxy sh 99'2
31h 96.4 20.6(R) 6h 99:9 73.4%8)
(@] 9 SRC953 4-Meth- 1h 786 948[R) 35
OXy 2h 999 959R) . .
SRC966  3,5- 1h 273 89.3(R) MeO, 15 SRC986 iXMeth ; lﬁ 352;2 4312(7S()S)
Dimeth- 2h 85.8 82.5(R) X 4 ih 993 00
oxy 3h 994 79.6(R) MeO 7 : )
4h 99.9 81.2(R) SRC 987  3,5- 1h 952 75.3(S)
’ e Dimeth- 2h  99.3 75.6(S)
86.9°R) 40 oxy
0 10° SRC932 i;(l\}i[eth_ ; ﬂ g;g 99b(R) Zrepresents :A) Conv and % ee were cal.culated by chiral .GC analysis;
SRC965 3,5 1h 770 represents % ee was calculated by chiral HPLC analysis;
Dimeth- 2h 99.7 “indicates that for this compound % ee was given for the chiral GC analysis carried out after
o oxy Ih 99.9 99b(R) g.nal work up of the reaction;

represents % ee was calculated for acetate derivative.

TABLE 1b
Catalyst Ketone Time Conv. (%) E.e. (%)
0 450 >99%  97.4% (R)
OMe
TsN T /Ru ~q
thk/N
Ng (0] 2h  >99% 41% (R)

"y,
=y,
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TABLE 1b-continued
Catalyst Ketone Time Conv. (%) E.e. (%)
MeOQ 0 8h  99.1%  91.2% (R)
OMe O)‘\
TSNT/Ru\ ol O  215h 99% 74% (R)
Ph N
H H
Ph
i o) 22h  99.9%  974% (R)
TsN T/Ru ~| O)‘\
Ph/k/N\ 0 20h 99% 31% (R
H H
Ph
0 94h  548%  874% (R)
(s
TsN T /Ru —~q
Ph’k/N\ O mn 297% 4%
F H
Ph
0 23h  99.9%  96.1%
Ph
TsN —C /Ru ~qa
Ph/K/N
N Ny o] 441 99%
Ph : ,IL

®)

60%

®)
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TABLE 2a
Temp.  Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
500/1 MeOH 60 30 16 99.8  96.7 Adv O
[S] (R) Synth &
0.5M Catal,
| 2012, Ph Me
Wills*
Ru
21N\
TsN | ~a
\\N\
H
PH H
Ph
MeO 500/1 MeOH 60 30 16 99.9 94.0 O
[S] ®)
0.5M
OMe Ph Me
Ru
21N
TsN | ~a
\\N\
H
PH B
Ph
MeO 500/1 MeOH 60 30 16 99.8 835 O
[S]
0.5M
OMe Ph Me
Ru
2N
TsN | ~a
\\N\
H
PR E
Ph

*#*Application of Tethered Ruthenium Catalysts to Asymmetric Hydrogenation of ketones, and the Selective Hydrogenation of Aldehydes’,
Katherine E. Jolley, Antonio Zanotti-Gerosa Fred Hancock, Alan Dyke, Damian M. Grainger, Jonathan A. Medlock, Hans G. Nedden, Jacques J.
M. Le Paih, Stephen J. Roseblade, A. Seger, V. Sivakumar, David J Morris and Martin Wills, Adv. Synth. Catal. 2012, 354, 2545-2555.

TABLE 2b
Temp.  Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
500/1 MeOH 60 30 24 99.9 99.0 Adv (¢]
[S] (R) Synth &
0.5M Catal,
2012,
Wills*
Ru
SN
TsN | ~a 0
\\N\
H
PH H
Ph
OMe 500/1 MeOH 60 30 24 97.6  99.6 O
[S] ®)
0.5M
| 0
<Ru\
~
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TABLE 2b-continued

Temp.  Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
MeQO 500/1 MeOH 60 30 24 99.9 98.8 O
[S] ®)
0.5M
OMe
| o
Ru
DS
TsN | ~a
\\N\
H
PH B
Ph

*“Application of Tethered Ruthenium Catalysts to Asymmetric Hydrogenation of ketones, and the Selective Hydrogenation of Aldehydes’, Katherine
E. Jolley, Antonio Zanotti-Gerosa Fred Hancock, Alan Dyke, Damian M. Grainger, Jonathan A. Medlock, Hans G. Nedden, Jacques J. M. Le Paih,
Stephen J. Roseblade, A. Seger, V. Sivakumar, David ] Morris and Martin Wills, Adv. Synth. Catal. 2012, 354, 2545-2555.

TABLE 2¢
Temp.  Pressure Conv Ee
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
500/1 MeOH 60 30 48 99.5 975 Adv O
[S] (R) Synth &
0.5M Catal,
| 2012,
Wills*
Ru
2N
TsN | ~a
\\N\
H
P z
Ph
OMe 500/1 MeOH 60 30 48 91.9 97.7 (0]
[S] ®)
0.5M
Ru
2N
TsN | ~a
\\N\
H
PR H
Ph
MeO 500/1 MeOH 60 30 48 717 952 (0]
[S] ®)
0.5M
OMe
Ru
SN
TsN | ~a
\\N\
H
PR B
Ph

*“Application of Tethered Ruthenium Catalysts to Asymmetric Hydrogenation of ketones, and the Selective Hydrogenation of Aldehydes’, Katherine
E. Jolley, Antonio Zanotti-Gerosa Fred Hancock, Alan Dyke, Damian M. Grainger, Jonathan A. Medlock, Hans G. Nedden, Jacques J. M. Le Paih,
Stephen J. Roseblade, A. Seger, V. Sivakumar, David ] Morris and Martin Wills, Adv. Synth. Catal. 2012, 354, 2545-2555.
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TABLE 2d
Temp.  Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
500/1 MeOH 60 30 48 99.9 993  Adv O
[S] (R) Synth &
0.5M Catal,
| 2012,
Wills*
Ru
\Cl
N
)\/ S
Ph >
OMe 500/1 MeOH 60 30 48 99.5 98.6 O
[S] ®)
0.5M
Ru
DSl N
TsN | ~a
\\‘N\
H
PH 2
Ph
MeQO 500/1 MeOH 60 30 48 59.7 98.6 (€]
[S] ®)
0.5M
OMe
Ru
2N
TsN | ~a
\\\N\
H
PH B
Ph

* “‘Application of Tethered Ruthenium Catalysts to Asymmetric Hydrogenation of ketones, and the Selective Hydrogenation of Aldehydes’, Katherine
E. Jolley, Antonio Zanotti-Gerosa Fred Hancock, Alan Dyke, Damian M. Grainger, Jonathan A. Medlock, Hans G. Nedden, Jacques J. M. Le Paih,
Stephen J. Roseblade, A. Seger, V. Sivakumar, David ] Morris and Martin Wills, Adv. Synth. Catal. 2012, 354, 2545-2555.

TABLE 2e
Temp. Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
500/1 MeOH 60 30 24 >99 >99 Adv e}
[S] (S) Synth &
0.5M Catal, OH
| 2012,
R Wills*
N R
TsN | ~a
\\\N\
H
PR 3
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TABLE 2e-continued
Temp. Pressure Conv E.e.
Catalyst S/C  solvent (°C.) (bar) Time (%) (%) Ref. Substrate
OMe 500/1 MeOH 60 30 24 99.7 90.7 O
[S] ®)
0.5M OH
Ru
SN
TsN | Sa
\\N\
H
PH 3
Ph
MeO 500/1 MeOH 60 30 24 942 878 O
[S] ®)
0.5M OH
OMe
Ru
D N
TsN | ~a
\\N\
H
PR z
Ph

*“Application of Tethered Ruthenium Catalysts to Asymmetric Hydrogenation of ketones, and the Selective Hydrogenation of Aldehydes’, Katherine E. Jolley,
Antonio Zanotti-Gerosa Fred Hancock, Alan Dyke, Damian M. Grainger, Jonathan A. Medlock, Hans G. Nedden, Jacques J. M. Le Paih, Stephen J. Roseblade,
A. Seger, V. Sivakumar, David ] Morris and Martin Wills, Adv. Synth. Catal. 2012, 354, 2545-2555.

30
TABLE 3a TABLE 3a-continued
MeOH solvent with [S] 0.5M, 60° C., S/C 500/1, 30 bar H, MeOH solvent with [S] 0.5M., 60° C., S/C 500/1, 30 bar H,
| Ru
Ru N ~
TN | Yl NN
N, “H
7 H 40 mf =
Ph 2 Ph
Ph
Catalyst
Catalyst
i Time Conv. E.e.
Time Conv.  Ee. 45 Ketone (hr. (%) (%)
Ketone (hr.) (%) (%)
16 >99.9  88.2 (R)
0 16 998  96.7(R)
Me
Me 50
FsC
24 >99  70.0 (R)
0 43 >99.9  66.8 (S)
55 FC
Me
Me
CF;
0 16 993 91.1(R) 60
0 16 983 90.4(R)
Me
MeO 65
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TABLE 3a-continued

MeOH solvent with [S] 0.5M, 60° C., S/C 500/1, 30 bar H,

5
Ru
TN | Yl
N 10
/ H
Ph <
Ph
Catalyst
i 15
Time Conv. Ee.
Ketone (hr.) (%) (%)
20
0 48 737 68.8(R)
0 24 99.9  84.4(S)
O)‘\/O% %
35
0 24 >99 >99 (S)
©)‘\/OH
40
0 48 995 97.5(R)
g 45
50
0 48 999 993 (R)
(:ib )
0 24 999 99.0(R) 60
0 65

80

TABLE 3b

MeOH solvent with [S] 0.5M, 60° C., S8/C 500/1, 30 bar H,

OMe MeO
AN T
\N\ s \\N\
)\_/ H )\/ H
PH B PH <
Ph Ph
Time Conv. E.. Time Conv. Ee.
Ketone (hr.) (%) (%)  (hr) (%) (%)
O 16 99.9 940 16 99.8 835
®) ®)
Me
O 48 99.3 37.1 48 54.6 803
®) ®)
Me
(@] 16 99.9 939 16 99.9 795
®) ®)
Me
MeO
(@] 16 99.4 921 16 99.2 735
®) ®)
Me
F;C
(@] 24 >99.0  82.0 24 >99.9  53.6
B ®) ®)
Me
CF3
O 16 69.6 843 16 18.8 728
©)‘\/ (R) (R)
(@] 48 36.4 833 48 26.8 77.6
(6] 24 >99.0 945 24 99.9  80.7
orh ®) ®)
(@] 24 99.7  90.7 24 942 87.8
ol ®) ®)

¢
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TABLE 3b-continued

MeOH solvent with [S] 0.5M, 60° C., S/C 500/1, 30 bar H,

OMe MeO
OMe
| |
N

TABLE 3b-continued
MeOH solvent with [S] 0.5M., 60° C.. $/C 500/1, 30 bar H,
OMe MeO
5
OMe
Ru,
00 TN
No
H

E Ru
e N L
“H
)\/ 10 TsN
\N\
PR
PH < PH
Ph Ph
E.e. Time Conv. E.e.
(%) (%)

TsN
\N\
PR
PH E PH =
Ph Ph
Time Conv. E.e. Time Conv. E.e.
Ketone () (%) (%) () (%) (%)
0 48 919 977 48 717 952 15 Time  Conv.
®) ®) Ketone () (%) (%) (i)
0 24 976 996 24 999 988
20 () ()
0 48 995 986 48  359.7 986
®) ®)
0
25
TABLE 4
%
Catalyst Ketone Time Conv % ee
0 45h >99%  97.4%(R)
OMe
T A —Ru
sN ~
K / cl
Ph! N
N \ O 22h >99% 41%(R)
Ph
'4-methoxy’
MeO 0 8h  99.1%  91.2%(R)
OMe ©)k
21.5h 99% 74%(R)

e}

2
ya
/ \é-;_
/
o]

Ph

Ph
'3,5-dimethyocy
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TABLE 4-continued
%
Time Conv % ee
22h  999%  97.4%(R)

Catalyst
/; Ru
20h 99% 31%(R)

TsN k/ \Cl
Ph’K/N
AN
H
94h  548%  87.4%(R)

'4-isopropy!’

/;Ru
44h 297% 4%(S)

TsN K/ \Cl
Ph/&/N
AN

"

.’:r‘u,,,“

5=}

QQQaqq]f

Pi
'4-tertbuty!’
23h  99.9%  96.1%(R)
Ph
_d——Ru
TsN ~
k / Cl
Ph’k/N
3 \H 44 h 99% 60%(R)
P
'4-pheny!’
7h  99.8%  96.6%(R)
OMe
I 0
S
B ey u
o/ N k / al
Ph N
Y\
§ H
Ph
OMe'
T™S 0 22h  99.8%  96.4%(R)
OMe
= o
//S\ Ru
/
O N K / el
Ph! N
YN\
B H
Ph

'Alkyne 4-OMe'
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TABLE 4-continued

%

Catalyst Ketone Time Conv % ee
0 4h  >99.8%  96.5%(R)
OMe
R o]
; |
S Ny L—Ru
O/ N K / ~ al
Ph N
N
5 H
Ph
R= O O
\/\60/\92/ ~
4-OMe
'TEG
Q (€] 245h 100% n/a
Ru
/ Sa £>)k
IO
N
L/ n
Achiral Bn
TABLE 5
MeO
OMe OMe R o OMe
¢ | O\s”\ Il ¢
—Ru 7 —Ru —Ru
TN (/@ TsN—Ru o N WA TN (/e
Ph’K/N k / Ph’K/N Ph’K/N
R Ph N \ N
3 8 I g 5 8 H 8
Ph Ph Ph Ph
3C-teth
4-methoxy 3,5-dimethyocy R= 0\40/\)/0\/
2
TEG 4-OMe
%
reaction no Catalyst S/C Solvent Temp Time Conv % ee
SRC 1177 4-Methoxy 100 1,0 60°C. 1h 77 98(R)
2h >99 97(R)
SRC 1197 4-Methoxy 500 1,0 60°C. 1h 12 96(R)
3h 20 96(R)
7h 24 96(R)
22h 26 96(R)
SRC 1193 3,5-dimethoxy 100 H,O0 60° C. 2h >99 77(R)
SRC 1195 3,5-dimethoxy 500 1,0 60°C. 1h 35 86(R)
3h 82 82(R)
5h 99 81(R)
SRC 1177 4-Methoxy 100 H,O0 40° C. 1h 32 98(R)
2h 53 98(R)
4h 84 98(R)
5h 97 98(R)
SRC 1309 TEG 4-OMe 100 H,O0 60° C. 1h 99 97(R)
SRC 1198b 4-Methoxy 500 H,0:MeOH 60° C. 1h 35 97(R)
(1:1) 2h 58 97(R)

4h 81 97(R)
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TABLE 5-continued

MeO
OMe OMe OMe
R O
I | s S |
TSNT/RH hel TsN-—Ru ~cl o NT/RH al 7 T/Ru A
Ph Phi k / Ph’K/N Ph’&/
Y N N, > ~ Y ~
3 H HET N 3
Ph PR Ph Ph
3C-teth
4-methoxy 3,5-dimethyocy R= O\/&O/\)/O\/
2
TEG 4-OMe
%
reaction no Catalyst S/C Solvent Temp Time Conv % ee
SRC 1200b 4-Methoxy 500 H,0:MeOH 60° C. 1h 35 9T(R)
(1:1) 3h 74 9T(R)
4h 88 9T(R)
5h 98 9T(R)
6h 99 9T(R)
SRC 1198¢ 3,5-dimethoxy 500 H,0:MeOH 60° C. 1h 96 85(R)
(1:1) 1.5h 99 85(R)
SRC 1224b TEG 4-OMe 100 H,0:MeOH 60° C. 1h 95 9T(R)
2h 99 9T(R)
SRC 1223a TEG 4-OMe 500 H,0:MeOH 60° C. 3h 33 9T(R)
(1:1) 255h 88 96(R)
SRC 1201b 3,5-dimethoxy 500 H,0:MeOH 60° C. 1h 67 86(R)
(1:0.5) 2h 99 86(R)
SRC 1201a 3C-teth 500 H,0:MeOH 60° C. 2h 4 92(8)
(1:0.5) 4h 7 93(8)
7.5h 12 94(8)
23h 23 94(8)
SRC 1203b 4-Methoxy 500 H,0:MeOH 60° C. 1h 41 9T(R)
(1:1) 2h 73 9T(R)
4h 99 9T(R)
SRC 1203¢ 3,5-dimethoxy 500 H,0:MeOH 60° C. 1h 55 85(R)
(1:1) 2h 92 85(R)
3h 99 85(R)
SRC 1230a 4-Methoxy 100 HCOONH, 60° C. 1h 11 9T(R)
H,0 35h 20 98(R)
65h 25 98(R)
225h 56 98(R)
SRC 1230b 4-Methoxy 100 H,0 60° C. 1h 31 9T(R)
35h 48 9T(R)
65h 54 9T(R)
225h 57 9T(R)
SRC 1234(1) 4-Methoxy * 100 H,0 60° C. 1h 99 98(R)
SRC 1234(2) HCOOH 60° C. 1h 40 98(R)
2h 60 9T(R)
35h 99 9T(R)
SRC 1234(3) HCOOH 60° C. 1h 26 9T(R)
25h 52 9T(R)
15h 57 9T(R)
1t 67 9T(R)
5h 76 9T(R)
95h
* n-Hexane (3 x 2 mL) was used to extract product after each cycle from reaction mixture. 1
mol of HCOOH was added to regenerate HCOONa.
SRC 1235(1) 4-Methoxy * 100 H,0 60° C. 1h 99 9T(R)
SRC 1235(2) HCOOH 60° C. 1h 99 98(R)
1h 85 9T(R)
SRC 1235(3) HCOOH 60° C.
1.5h 99 98(R)
SRC 1235(4) HCOOH 60° C. 1h 34 96(R)
2h 64 96(R)
15 hrt 68 96(R)
4h 83 9T(R)
6h 90 9T(R)
8h 93 9T(R)
* n-Pentane (3 x 2 mL) was used to extract product after each cycle from reaction mixture. 1
mol of HCOOH was added to regenerate HCOONa.
SRC 1236(1) 4-Methoxy * 100 H,0 60° C. 1h 99 98(R)
SRC 1236(2) HCOOH 60° C. 1h 88 96(R)
SRC 1236(3) HCOOH 60° C. 1.5h 99 96(R)

1h 20 96(R)
4h 80 97(R)
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TABLE 5-continued

MeO
OMe OMe OMe
R O
I | s S |
TSN/RH \Cl T N/Rll\ O// \N/Ru \Cl TSN/Ru\
— (/e N/ —~ L/
Ph N Ph’K/N Ph N Ph N
5 \H Y < 5 N 5 N
Ph i H Ph Ph
3C-teth
4-methoxy 3,5-dimethyocy R= O\/&O/\)/O\/
2
TEG 4-OMe
%
reaction no Catalyst S/C Solvent Temp Time Conv % ee
17 hrt 88 9T(R)
5h 91 9T(R)
7h 94 9T(R)
9h 96 9T(R)
* Pet. ether (3 x 2 mL) was used to extract product after each cycle from reaction mixture. 1
mol of HCOOH was added to regenerate HCOONa.
SRC 1237(1) 4-Methoxy * 100 H,0 60° C. 1h 99 9T(R)
SRC 1237(2) HCOOH 60° C. 1h 99 9T(R)
SRC 1237(3) HCOOH 60° C. 1h 93 9T(R)
1.5h 99 9T(R)
15hrt HCOOH 60° C. 1h 23 95(R)
SRC 1237(4) 25h 53 95(R)
45h 85 96(R)
65h 97 96(R)
* n-Pentane (3 x 2 mL) was used to extract product after each cycle from reaction mixture. 1
mol of HCOOH was added to regenerate HCOONa.
TABLE 6
%
Substrate Batchno  Catalyst S/C Solvent Temp Time Conv % ee
e} 1 SRC 1237 4-Methoxy 100 H,O 60° C. 1h 99 9T(R)
SRC 3,5- 100 H,O 60° C. 2h >99  77(R)
1193 dimethoxy 100 H,O 60° C. 1h 99 88(R)
3C-tech 100 H,O 60° C. 1h 99 9T(R)
SRC TEG 4-OMe 100 H,O 60° C. 26h 78 43(S)
1244 Cationic
SRC complex
1309
SRC
1295
e} 2 SRC 1194 3,5- 100 H,O 60° C. 2h 99 85(S)
dimethoxy 500 H,O 60° C. 1h 22 85(S)
SRC 3,5- 3h 73
1196 dimethoxy 5h 99
e} 3 SRC 1240 4-Methoxy 100 H,O 60° C. 1h 88 98(R)
O)‘\/ 15h 99 98(R)
e} 4 SRC 1241 4-Methoxy 100 H,O 60° C. 1h 36 9T(R)
3h 74
5h 93
7h 98
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TABLE 6-continued

%

Substrate Batchno  Catalyst S/C Solvent Temp Time Conv % ee
O 5 SRC 1243 4-Methoxy 100 H,O 60° C. 1h 72 95(R)
1.5h 98 95(R)
2h 99 95(R)
Cl

(¢] 6 SRC 1242 4-Methoxy 100 H,O 60° C. 1h 53 98(R)
2h 97 97(R)
25h 98 97(R)
3h 99 97(R)

MeO
(€] 7 SRC 1245 4-Methoxy 100 H,O 60° C. 1h 96 98(R)
2h 96 97(R)

MeO
O 8 SRC 1246 4-Methoxy 100 H,O 60° C. 1h 65 96(R)
2h 99 95(R)

OMe
O, 9 SRC 1247 4-Methoxy 100 H,O 60° C. 1h 36 99(R)
i 3h 99 99(R)
(¢] 10 SRC 1248 4-Methoxy 100 H,O 60° C. 1h 35 9T(R)
3h 99 96(R)
(€] 11 SRC 1249 4-Methoxy 100 H,O 60° C. 1h 99 96(R)
©)K/Cl

O 12 SRC 1250 4-Methoxy 100 H,O 60° C. 1h 85 94(R)
/O)‘\ ) o

F;C
(€] 13 SRC 1251 4-Methoxy 100 H,O 60° C. 1h 81 71(R)
2h 99 69(R)
25h 99 69(R)

CFs
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TABLE 6-continued

%
Substrate Batchno  Catalyst S/C Solvent Temp Time Conv % ee

14 SRC 1261 4-Methoxy 100 H,O: 60° C. 45h 99 94(R)

(€]
3C-teth 100 MeOH  60° C. 45h 99 94(S)
SRC (S.9) 100 H,O: 60°C. 15.5h 78 91(R)
1256 Noyori’s MeOH
catalyst p- H,0:
SRC Cymene MeOH
HoN 1267

(¢] 15 SRC 1258 4-Methoxy 100 H,O: 60° C. 4h 97 91(R)
/©)‘\ h
Me,N
TABLE 7
Solv- %
Substrate Batchno Catalyst S/C  ent Temp Time Conv % ee
SRC 1252 4- 100  H,O: 60° C. 45h ~98
SRC 1254 Methoxy MeO!
H,N
SRC 1253 4- 1000 TFA: 60° C. 24h NR
Methoxy TEA

H,N

SRC 1256 3C-teth 100 HO: 60° C. 45h 99 94(S)

(8,8) MeOH
HN
SRC 1261 4- 100 H,O: 60° C. 45h 99 94(R)
Methoxy MeOH

H,N

SRC 1267 Noyori’s 100 H,O: 60°C. 15.5h 78 91(R)

&8 8.8 4

catalyst MeOH
p-
Cymene
H,N
SRC 1258 4- 100  H,O: 60° C. 4h 97 91(R)
/O)J\ Methoxy MeOH
MezN
O SRC1260 3C-teth 250  FA: 45° C. 6h 93 91(S)

Me,N
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TABLE 8

O Polymer supported catalyst

reducing agent

"o
]

S/C 100/1, 24 hours

o

Temp.  Conv.

Entry Catalyst H, source °C) (%)*  Ee. (%)*?

1 A Formic 28°C. 1.3 ND
acid:Et;N 5:2
2 A IPA/KOH 28°C. 04 ND
3 A Water/sodium ~ 60° C. 6.5 683 (R)
formate
4 B Formic 28°C. 0.61 ND
acid:Et;N 5:2
5 B IPA/KOH 28°C. 0.71 ND
6 B Water/sodium  60°C.  32.0 92.7(R)
formate
7 Recovered B Water/sodium ~ 60° C. 43 Oyl
from entry 6 formate enantiomer
seen by GC
8 B H,, MeOH 60°C. 13.1 Racemic
9 C Water/sodium  60°C.  16.2  50.2 (R)
formate
10 C H,, MeOH 60°C. 345 Racemic
11 D Formic 28°C. 6.9 93.0(R)
acid:Et;N 5:2
12 D IPA/KOH 28°C. 0.45 ND
13 D Water/sodium  60°C. 263  37.9(R)
formate
14 D H,, MeOH 60°C. 794 2.7(R)
“Determined by GC analysis.
®For conversions less than 2% the ce. was not determined.
TABLE 9
(@] Polymer supported catalyst (_)H

reducing agent

S/C 100/1, 24 hours

o

Temp. Conv.
Entry Catalyst H, source (°C) (%) Ee. (%)7
1 B Formic 60° C. 10.8  87.0(R)
acid: Et;N 5:2
2 B IPA/KOH 80° C. 11.3 2.8 (R)
Formic
3 C acid: Et;N 5:2 60° C. 179  827(R)
4 C IPA/KOH 80° C. 35.2  Racemic
Formic
5 D acid: Et;N 5:2 60° C. 5.6 828R
6 D IPA/KOH 80° C. 4.6 144 (R)

“Determined by GC analysis.

The invention claimed is:
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1. A process for preparing a compound of formula (1), the 5

process comprising the step of reacting a compound of for-

mula (ITa) or (IIb) with the compound of formula (IIT)

ey}
R* R’
3
’ i A
R? | 1 Y
B—M_ N _/
A\N/ \N /Z
H
RS\‘\ ;."/ R9
RS Y
(Ix)
R104 RIOS
103 106
R —Q_§—R
/ \
RIOZ RlOl
M
’Qéi}
2
am
R R®
3
R X
\
R2 u R! /Y
A’ -z
N NZ
H
RS\\\ .';’ R9
RS ’R7
(Ilb)
R104 RIOS
Rm%i/%l{m
RIOZ RlOl
M
xx7] >zz
YY

or a salt thereof; wherein
R'-R’, R®-R® and R'°*-R'°® are each independently, or in

combination with another of said substituents R!-R>,
R®R®and R'°*-R'°° selected from the group consisting
of H, halide, alkyl, alkenyl, alkynyl, alkoxy, hydroalkyl,
carboalkyl, haloalkyl, aryl, aryloxy, arylmethyl, acyl,
carboxy, alkoxycarbonyl, thiocarbonyl, cyano,
hydroxyl, thiol, alkylthiol, amino, acylated amino, NO,,
silyl, and SO,R*°, where R'° is independently selected
in each instance from the group consisting of H, halide,
alkyl, alkenyl, alkynyl, alkoxy, hydroalkyl, carboalkyl,
haloalkyl, aryl, aryloxy, arylmethyl, acyl, carboxy,
alkoxycarbonyl, thiocarbonyl, cyano, hydroxyl, thiol,
alkylthiol, amino, acylated amino, NO,, and silyl;

A is selected from the group consisting of H, R**, SO,R*?,

SO,NR'"R'™,  SORM"P(O)R''R'?), P(O)OR'")
(OR'?), and CO,R'!, where R*! and R'? are each inde-
pendently selected in each instance from the group con-
sisting of H, halide, alkyl, alkenyl, alkynyl, alkoxy,
hydroalkyl, carboalkyl, haloalkyl, aryl, aryloxy, arylm-
ethyl, acyl, carboxy, alkoxycarbonyl, thiocarbonyl,
cyano, hydroxyl, thiol, alkylthiol, amino, acylated
amino, NO,, silyl, and SO,R';
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B is selected from the group consisting of H, halide, trif-
luoromethylsulfonyl, alkylsulfonate, trifluoromethyl-
sulfonate, aryl-sulfonate, carboxylate, and acetoxy;

M is a metal atom or a metal ion selected from the group
consisting of ruthenium rhodium, osmium, iridium, and
iron;

XX, YY, and ZZ are each an independently selected atom
or group of atoms capable of forming a stable complex;
and

at least one of X, Y and Z is present; and each of X,Y, and
Z is independently a bond, CH,, O, S, NH, CHR'?,
CR''R'?, or a combination thereof, or two adjacent X, Y
or Z form unsaturated carbon-carbon bonds or combi-
nations thereof, and the total linear length of the chain
defined by X-Y-Z is two, three or four atoms.

2. The process of claim 1, wherein the reaction is per-

formed in an organic solvent.

3. The process of claim 1, wherein M is ruthenium.

4. The process of claim 1, wherein the total linear length of
the chain defined by X-Y-Z is three atoms.

5. The process of claim 1, wherein X, Y and Z each are
independently CH,, CHR'' CR!'R'?, or a combination
thereof.

6. The process of claim 1, wherein the combined electron
withdrawing effect generated by R'°'-R'°¢ is greater than
that generated by R*-R>.

7. The process of claim 1, wherein at least one of R*-R* is
an alkoxy group.

8. The process of claim 1, wherein at least one of R**-R*°6
is an electron withdrawing group.

9. The process of claim 1, wherein XX, YY, and ZZ are
halides.

10. The process of claim 1, wherein A is SO,Ar or SO,R,
where Ar is aryl and R is alkyl.

11. The process of claim 1, wherein B is a halide.

12. The process of claim 1, wherein the process is per-
formed with exposure to microwaves.

13. A compound of formula (IV)

Iv)
R RS
23
’ A
R22 R2! Y
/
A\N/ \N Y/
~
H
R28WZ TR
R26 RV

or a salt thereof, wherein

R*'-R** each independently, or in combination with
another of said substituents R**-R?°, form an electron
rich or electron donating group or are selected from the
group consisting of H, alkyl, aryl, alkoxy, aryloxy, acy-
loxy, hydroxy, amino, acylamino, thiol, and alkylthiol,
each of which is optionally substituted; provided that at
least one of R*'-R*” is selected from the group consist-
ing of aryl, alkoxy, aryloxy, acyloxy, hydroxy, amino,
acylamino, thiol, and alkylthiol, each of which is option-
ally substituted;

R?-R*? are each independently selected from the group
consisting of H, halide, alkyl, alkenyl, alkynyl, alkoxy,
hydroalkyl, carboalkyl, haloalkyl, aryl, aryloxy, arylm-
ethyl, acyl, carboxy, alkoxycarbonyl, thiocarbonyl,
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98
cyano, hydroxyl, thiol, alkylthiol, amino, acylated
amino, NO,, silyl, and SO,R*°; and

A,B,M, X,Y, Z, and R'° are as defined in claim 1.

14. The compound of claim 13, wherein X, Y and Z each
are independently CH,, CHR'! or CR*'R"?, or a combination
thereof.

15. The compound of claim 13, wherein at least one of
R*'-R?* is an alkoxy group.

16. The compound of claim 13, wherein B is a halide.

17. The compound of claim 13, selected from the group
consisting of

(@)

MeO
02 | —~Cl
Ph S /Ru
~
N N
/"
Ph

®)
Ph

Cl—R
p-Tol0xS ~ &

~N
N
Sn
H™Y Ol
Ph Ph

©

Cl—R
p-TolO5S —, N/

u\
N
~n
H aid, ,”’ I
Ph Ph

(d)

u
p—TolOZS\N/ \N\
H
Hu\\‘ ,2 I
Ph Ph

(e)

Cl—Ru
p-TolO5S — N/ N

/o

MeO

(9]

MeO
Cl—Ru
p-TolO2S— o N
N N\
H
w u

H A
Ph

\\“‘

Ph
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-continued 18. The compound of claim 13, selected from the group

) consisting of

Cl—Ru ® ®
p-TolO2S~0 o N OMe

N NZ
H
Hu\\\ ,”’ H

Ph Ph 10 |

) Ru

" | ~ci

N
N
)\/ Su
MeO PHh 2
| 15 “Ph
ClL
-

Ry @

20 Ru
— ~c1
) TsN /
HO N
Y
Cl—Ru @
p-TolOsS e ” N 23
N NZ
o
H\u\‘ % H
Ph Ph
O 39
| Ru
— P
p-Tol0yS /R“\ a” | N
20~N TsN
\ 35
\ / ‘0,
"Ph
(m)
MeO Ph
(s)
40 P

— u / N
p-Tol0,S \ N |

N=N
it )
I /\ o 0

45
@
OMe
MeO Il{
u
X a
TsN
Cl 30 N
p-TolOS e o > ~
N N H
\H P! 3
Hu\“ ] Ph
Ph Ph
55

(0)

MeO ®
0
TolO,S =N, |
p- 101U \N 60 OH N=

Ru
| PN
i 0o O _h NS ar]oN
q TsN\e

65

Yy

2
2
%,
Z

and salts thereof.
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-continued

O, N

-
w

n

O/\/\N_I:{
OH K%N\

O

©

©

and salts thereof.
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19. A process comprising the step of using a compound of
claim 13 to catalyse the hydrogenation of a substrate.

20. The compound of claim 13 wherein one of R**-R**is a
polymer or solid support.

21. A compound of formula (IV)

av)

or a salt thereof, wherein

R?*!-R** each independently, or in combination with
another of said substituents R**-R?*, form an electron
rich or electron donating group or are selected from the
group consisting of H, alkyl, aryl, alkoxy, aryloxy, acy-
loxy, hydroxy, amino, acylamino, thiol, and alkylthiol,
each of which is optionally substituted; provided that at
least one of R*'-R* is an optionally substituted
branched alky];

R?%-R* are each independently selected from the group
consisting of H, halide, alkyl, alkenyl, alkynyl, alkoxy,
hydroalkyl, carboalkyl, haloalkyl, aryl, aryloxy, arylm-
ethyl, acyl, carboxy, alkoxycarbonyl, thiocarbonyl,
cyano, hydroxyl, thiol, alkylthiol, amino, acylated
amino, NO,, silyl, and SO,R*°; and

A,B,M, X,Y, Z, and R'° are as defined in claim 1.

22. The compound of claim 21, selected from the group
consisting of

av)

and salts thereof.
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